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Preface to the Series 


During tlic past tew <Ieea{Ips the investigative jipproaclies to hio- 
logical problems have hccoinc markedl5' diversified. This diversifi* 
cation has been caused in part by the introduction of methods from 
other fields, such as mathematics, physics, and chemistu', and in 
5Mirt has been brought about by the formulation of new problems 
within biology. At the same time, the quantity of scientific produc- 
tion and publication has increased. Under these circumstances, the 
biologist has to focus his attention more and more exclusively on 
liis own field of inlcresl. Tins spccjalizalion.'efTecljve ns it is in the 
pursuit of individual problems, requiring nbility and knowletige 
didactically unrelated to blolog}*, is detrimental to a broad under* 
standing of the current aspects of biology' as n whole, without which 
conceptual progress is difficult. 

The purpose of “Tiie Seicnlist’s Library: Biology and Medicine” 
scries is to provide authoritali\"e information about the growth and 
status of various subjects in such a fashion that the individual 
l>ooks may be road with jirofit not only by the specialist but also by 
those whose interests he in other fields. The topics for the scries 
have been selected as represcnlalive of active fields of science, es- 
pecially those that have <levelopcd roarfcedlj* in recent years as the 
result of new methods and new discoveries. 

The textual approach is somewhat different from that ordinarily 
used by the specialist. The authors have been asked to emphasize 
introduclorj* concepts and problems, and the present status of 
their subjects, and to clarify terminologj* and methods of approach 
instead of limiting themselves to detailed accounts of current factu- 
al knowledge. The authors have also been asked to assume a com- 



Foreword 


As recorded in the Foreivord to the First Edition of this book, its 
origin goes back to our association with A. Eaird Hastings and later 
with William Elooin, beginning thirty jenrs ago. It was largely 
owing to liicir stimulus and guidance that onr interest was directed 
to calcium metabolism and that ibis led to the formulation of 
our concepts of the physiologj* of bone. 

In six years since the First Edition was ptiblisliod there has liccii 
rapid progress in many nsjwcls of the j)hysiolog.v and biochemistry 
of bone, os tliorc has been in all other brandies of meiHeal science. 
In reflecting this progress the Second Edition represents nn eaten- 
sivo revision, amounting, in the greater pari of the book, to a com- 
plete rcnriling. 'J'hc previous organiration, hottever, has for the 
most part been retained; the principal changes in chapter heading*, 
represent increased emphasis on regulatory proccs.iCs. 

Acknowledgment is again made to the .Tosiah Mary, Jr. Foun- 
dation, %vliicli not only sup|)orlcd our work by grants-in-aid over 
much of the i>erio(l from 1933 to 19C0, but also influenced its direc- 
tion through the ^lacy Found.alioii Conferences relating to its 
subject, from 19U to 1953. AYc arc grcatly indobtcil to Frank 
Fremoiil-Smilh, fonncrly njeilical direclor of the Mary Founda- 
tion, for his unfailing intcre.sl and enof»umgcment, nhich sli)! con- 
tinue. 

Currently, work in our laliornlories is being siipixirleil by the 
Division of Kcsenreli Gnints, National Institutes of Health, United 
Stales I’ublie Health Sersdee (Grants Nos. A— 1235 nticl A-3793, 
respccliN-cly), The United Slates Atomic Energj* Commi<wion has 
also contributed by a grant to the University of Chicago (AT 
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CHAPTER 1 


Introdudiou 

iJy whatever patliway one comes to the study of bone, otie finds 
one’s self in the inidsl of a complex system of structure and function 
on the macroscopic, microscopic, and ultramicroscopic levels, with 
numerous and varied chemical and physiologic jiiteirclatiojis. 
’llicse furnish the subject matter of the physiolog}' and biochemis- 
try of bone, to which this is directed. The approach is inuUidts- 
ciplinarj’. Morphology, experiroenlal embryology, histochemistry, 
enzyme chemlstrj’, crystallography, electron microscopy — to men- 
tion only a few — have all l)cen brought to l>c.ir on the problems of 
l>one. 

This }>ook isconccrne<i with iMiicasa tissue rather than with its 
mechanical function in providing (he skeletal support of the body or 
with the shape, adaptation, or development of individual bones. 
Hone, far from l«ing passive and inert, has a complicated physiol- 
og>' of its own and presents a scries of challenges to all the medical 
sciences. The intent Jjas been to bridge Ibe gaps remaining between 
the various discipiiacs and to contribute to the tinificalion of the 
subject. Tliat this reepnres the use of the vocabularies of many 
branches of science is inevitable. 

This is not intended as a full-scale monograph on the ph 7 ?»!ogv' 
of bone. Historical treatment is rcduce<l to a minimum: d'csmen- 
Lilion is limited; )llnslralions are few. On the other hizii^ tie fert 
provides an extended treatment of the ciincnt state 't ii- Hofra- 
lurc. Tiie authors are naturally most familiar with irri 

and that of their collaborators, but these contrilirfi-mf him 
Iwen ovcrcmpb.isized. 

Wliile there is a logicsjJ scqucnccin the rr 

ters and the material has been dc%'elope<laccci”£h,r'^.«ij?5- 
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Inlroduction 


isinlewded to stand bj* itself, to be read and understood in<Jc|>eft(J- 
ently by those especially interested. To this end there is a minimum 
of cross-references between chapters; where the need for these is 
felt, the Table of Contents should serve the purpose. This method 
of treatment necessarily results in a certain ninotmt of repetition; 
where the same subject appears in different chapters, the nltcnipt 
has been to furnish a fresh point of view in each instance. 

Tins book is to compleincnt the many clinical treatises on Ixinc. 
Few of the pathologic comlitions of unknown cliologj’ ami none 
of the tumors of bone are considered here. Disorders of metabolism 
arc treated from the standpoint of pathologic physiologj* rather 
than of diagnosis and treatment. I'lie cliapter on healing of frac- 
tures presents knowledge that can be applied to praclicjil use in 
clinical work. It is incidental, howeser, to the results of research 
on the physiology of bone, a fiehl of endeavor in its own right. This 
book is wTittcn for an audience to include those desiring both n 
broad acquaintance with the skeletal system and a deep insight 
into its fundamental problems. 



CllAPTEE II 


Bone as a Tissue 

Cone is a highly speciatizctl form of connective tissue, coiujKisetl 
of branching cells in an intercellular substance and forming the 
skeleton or framework of the bo<ly of most vertebrates. There arc 
certain characteristics that differentiate it from other forms of 
connectire tissue, of n hich there are many Ij’pes, the most striking 
one being tliat it is hard. This hardness results from deposition, 
within a soft organic matrW, of a complex mineral substance, com- 
posed chiefly of calcium, phosphate, carbonate, and citrate. Bone 
has cells peculiar to it; tl»cy arc specialized forms derived from 
colls common to conncclt\*e tissue. 

The interstitial substance, in addition to being calcified, has a 
flbrillar structure similar to that of connective tissue; the fibers 
are mainly those of collagen; reticular fibers have also been demon- 
strated. The ground substance, as in connective tissue, is charac- 
terized in bone by its content of mucopolys.iceharides. Connective 
tissue and l>one have in common the important function of the sup- 
IKirt of organs or clcraenls of organs. The mechanical and physio- 
logic functions of both tissues are inseparable. 

Bone is also closely related to cartilage, another specialized 
form of connective tissue. Most of the embryonic skeleton is laid 
down first as models of hyaline cartilage, the cells of which hyper- 
trophy and undergo changes in their chemical characteristics im- 
mediately prior to their replacement by bone. A portion of the car- 
tilage matrix remains, is calcified, and serves ns the cores of tra- 
beculae of bone, Pollow iiig a fracliire of n bone, initially prefonned 
in cartilage, cartilage and fibrocarlilage appear in the first attempt 
at repair — the callus. In certain locations either tendon op calcified 
cartilage may be incorjioraled si {thin Imne and may undergo direct 
transformation to bone tissue. 
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Bone as a Tissue 


CELLS OF BONE 

The cellular components of bone are associated with specific 
functions: osteoblasts with the formation of bone; osteoci/tes with 
the maintenance of bone as a IiA-ing tissue; and osteoclasts with 
the resorption of bone. These cells, basing common ancestors, arc 
closely interrelated. During aclh-e growlb, frequent transfonna- 
tions occur from one to another of the morphologically different 
forms, while they retain the potencies common to all three forms; 
the morphologj' of a particular cell at any given time depends upon 
the function it is being called upon to perform. The transformations 
from one tj^pe to another, occurring spontaneous!}* more frequently 
in developing bone, can be demonstrated in adult bone under 
certain conditions. The most striking examples of such responses 
are seen during the healing of fractures, in hyperparsth}Toidism, 
or in the bird or mouse under the influence of estrogens. 

Osteoblasts. These appear on the surface of a growing or devel- 
oping bone. During active growth they appear to be in a continuous 
layer, frequently connected with one another by thin c}topksnuc 
processes. They are cuboidal in shape, with a breadth of 15-SO 
microns. The cytoplasm is intensely basophilic, owing to its content 
of ribose nucleic acid. The t}T>ical morphologic characteristics are 
absent or unrecognizable when the particular structure with which 
they ha^e been associated is in a resting state. The osteoblasts then 
become spindle-shaped and resemble fibroblasts or reticular cells. 

With histochemical techniques, the presence of granules staining 
by the Hotchkiss procedure (periodic acid-Schiff reaction; PAS- 
positive) can be demonstrated in the osteoblast when new bone is 
forming These granules ilisappear when the osteoblast assumes 
the g>indle form. Alkaline phosphatase is present in the cj toj)Lism 
of the osteoblast; the intensity depends largely upon the slate of 
development and the functional activity of the cell. 

Osieocyies. The osteocj-te is an osteoblast that has been sur- 
rxjunded by calcified interstitial substance. The cells are now in- 
closed within lacunae, and the C}i.oplasmic processes extend 
through apertures of the lacunae into canaliculcs in the bone. Like 
the osteoblast, the ostcocjie undergoes transformations; it may 
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Fia. 1. — Sagittal section of liead of tilna of nonnai rat Cut, wilbout decalafica- 
tion, hy method of Mcl,eaii and Bloom and stained nitU siher citrate (\on Kossa) 
to illustrate distribution of calcined tissues Age 7 weeks, weaned to BHIs's diet at 
3 weeks, (a) PnteUar tendon. (6) ossification center of anterior tibial tuljercle; (c) 
intmtendinous ossification m insertion of patelUr teniiun; (if) insertions of crucial 
hgamcnls; (e) area in epiphysis where Mteoid is freiiuenlly seen, (/) epiphyseal 
cartilage plate, (p) sane of Ijyperlrophic cartilage and of pro^isional calcification; 
(li) primary spongiow; (i) secondary spnngWisa, (t) area at junction of spongiosa 
With shalt, where osteoid is frequently seen; (1) sliaft, (m) lione marrow Silver 
nitrate-lierualo\ilirn?o3in. X 1C. (From original of H. 1, rig.l,McI,ean and Bloom, 
An.at. Bec.,78:33o. tleproduced by courtesy of the publishers ) 


Bone oj a Tissue 


assume the fonn of an osteoclast or of a reticular cell. PAS- 
positive granules ha\*e also been demonstrated in osteocytes; those 
in newly formed bone matrix contain many granules, whereas those 
in quiescent hone have few. The osteocytes are rich in glycogen; 
the cj-toplasm is faintly basophilic. 

Osteoclasts. The osteockst is a giant cell with a variable number 
of nuclei, often as many as fifteen or twenty. The nuclei resemble 
those of osteoblasts and osteocytes; the cytoplasm is often foamy; 
the cell frequently has extensile processes. These cells may arise 
from the stromal cells of the bone marrow', or they may represent 
fused osteoblasts and may also inelude fused osteocj'tes liberatetl 
from resorbing bone. They are usually found on the surfaces of 
bone, in close relationship to areas of resorption, and frequently 
lie in grooves, known as Uowship’s lacunae. This suggests that the 
lacunae were formed by an erosive action of the overlying oste- 
oclasts. For many years the osteoclasts have been considered to 
play the principal role in the resorption of bone. In the growth and 
re-formation of trabeculae of spongy bone in rapidly growing 
animals they are commonly seen ens’etoplng the tip of each spicule 
of bone undergoing resorption. 

PAS-positive granules have been demonstrated in osteoclasts 
and are indistinguishable from those obseiwed in osteoblasts and 
osteocytes. A brush border, appearing in fixed preparations be- 
tween the osteoclast and the underlying surface of bone, and long a 
subject of controversy, now is interpreted to correspond with a 
very’ active ruffled and undulating membrane, seen in time-lapse 
motion pictures of bone undergoing resorption in tissue culture. 
As in the case of the osteoblast or osteocyte, the osteoclast also 
can transform into reticular cells. 


INTEHSTITIAI. SUBSTANCE 

The intercellular portion of bone is a calcified collagenous sub- 
stance that makes up the great mass of bone. In ordinary sections 
this appears to be homogeneous, but with special techniques and 
staining methods collagenous fibers may be demonstrated. The 
interstitial substance includes the organic framework or matrix, 
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Membranes of Bone 


the inorganic part or the mineral of bone, and Trater. The organic 
njatrLv has tn'o chief components — the collagenous fibers and the 
ground substance. 


3IEJIBRANES OF BONE 

Periosteum. The connective tissue surrounding bone is the peri- 
osteum. In the young animal, especially in the regions of rapid 
groxrth, this consists of an outer dense la5'er of collagenous fibers 
and fibroblasts and an inner looser layer of osteoblasts and their 
precursor cells. In the quiescent state, in the adult, the periosteum 
serves for the atlacliment of tendons .and carries blood wssels, 
IjTnphatics, and nerves. The inner layer retains its osteogenetic 
potency and in fractures is activated to form osteoblasts and new 
bone. 

Endosteum. The endosteum is a thin layer of reticular cells, 
lining the walls of the bone marrow cavities and of the haversian 
canals of compact boneand coveringtrabeculaeof cancellous bone. 
It isa condensed peripheral ta^'erof the stroma of the bone marrow; 
it has both osteogenetic and hemopoietic potencies, and, like the 
IMJriosteum, it takes an active part in the healing of fractures. 

BONE MARROW 

Many of the cellular elements seen in loose connective tissue 
are absent from bone tissue, but tbeir counterparts are seen in 
numbers in the stroma of the bone marrow. The bone marrow, 
although more commonly thought of in relation to its hemopoietic 
functions, also participates actively in osteogenesis. The reticular 
cells of the stroma of the bone marrow can display osteogenetic 
activity and undergo transformation into the cells of bone. Simi- 
larly, the cells characterisUc of bone, when no longer called upon 
to perform their specific functions, may disappear into the stroma 
as reticular cells. 


MAST CELLS IN BONE 

Mast cells are nonnallj’’ found in large numbers in bone marrow 
and loose connective tissue throughout the body. Their large cyto- 
plasmic granules stain melachiomatically with toluidine blue or 
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azure. They are generally associated with storage of heparin, 
histamine, and hyaluronic acid. Mast cells can be made to accumu- 
late in. the bones of rats by feeding a diet deheient in calcium and 
in vitamin D or by other conditions of stress. These cells gather 
on the surface of, within, or under the endosteum when the growth 
of the animal comes to a standstill (Fig. 2). 

DLOOD VESSELS OF BONE 

The vascular anatomy of tlic skeleton has a characteristic pat- 
tern closely related to the functions of bone. The blood supply of 




Blood Veoseh of Bone 


a long bone comes from three sources: (1) the nutrient artery, (2) 
the periosteal arteries, and (3) the epiphyseal arteries. The nutrient 
atlerj* perforates the bone obliquely through the shaft and divides 
into ascending and descending branches. Each branch arborizes to 
reach the endosteum, the metaphyses, and the epiphyseal plates. 

The periosteum has a rich blood supply, consisting of small 
arteries and \'cins, forming a continuous vascular network that en- 
sheatbs the bone. The number of periosteal X'essels is relati\'ely 
small in the center of the shaft but adds up to huudreds at the 
metaphj-seal ends of the bone. They are of large caliber and 
anastomose with the cortical brauebes of the nutrient arteries. The 
periosteal blood supply is greatly Increased when the medullary 
arterial supply is damaged. The medullary blood supply may in- 
crease when the periosteal supply is injured; this represents the 
collateral route. 

The epiph3ws are supplied by one to three main epiphyseal ar- 
teries, each coursing toward thecenteraod then braQchingoutwsrd 
to supply a specific area of the spongiosa and articular cortex. The 
epiph}'seal plate is supplied by blood \*essels from tliree sources; 
(1) perforating epiphyseal, (2) perforating melophyseal, and (S) 
circumferential epiphyseal arteries. 

Tlie total blood supply to individual bones, together with the 
corresponding venous drainage, is readily sludiwl by e.visting meth- 
ods; the differences in the descriptions in the literature are largel.v 
attributable to species differences and to differences in tlie patterns 
o.vhibited by different bones in the skeleton of the same animal. 
There are, however, unresolved problems, especially those related 
to the circulation in the haversian canals of compact bone- 

E.Ycept for an occasional blind ending, eaclj haversian canal 
contains one or more blood vessels. Variations in the number from 
one to four are described, wffb some disagreement as to whether the 
number is commonly one, two, or three; again, species differences 
are not fully taken into account. There is agreement that, for the 
most part, the vessels are small and Ibin-walled; arterioles, rec- 
ognizable by smooth muscle in the walls, are unusual. There is no 
agreement as to whether the thin-walled \'essels should be called 
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venules, capillaries, or sinusoids; the tenn arteriole is excluded by 
the morphologic characteristics. 

The blood vessels of the luivTrsian canals have rarely, if e\'cr, 
hocn traced from their origins to their terminations. In spite of 
their thin Trails, ho\rever, an<l especially ndien there is only one 
vessel in a canal, it must be assumed that tljey are supplied n-itb 


Tta 3.—Cro^s-secVion through mw-slaft of » human tibia, wjth 

India mV and cleared by the Spalteholz technique. Radial branches of the nutrient 
artery ramify in the cortex to supply the vessels of the hasersi'an cnnals. 

(Prom oripnal of Fig. S-B, Neboo, Kelly. Peterson, and Janes, J. Bone & Joint 
Surg., 42A:6£9. Reproduced by courtesy of the publishers ) 

arterial blood, and that they drain into the venous sj’stem. Func- 
tionally, therefore, the vessels arc to be regarded as the equivalent 
of capillaries, since they form the only patht\ ays by which exchange 
of fluid and dissolved substances occurs betn'een blood and bone. 
Their transverse branches are found in Volkmann’s canals, which 
represent their horizontal components and afford communication 
with larger blood vessels (Fig. 3). 


Combinations of morphologic and physiologic preparations are 
necessary to demonstrate the nerves of bone. The probability is 




I/tjmphaltC8 of Sotie 


that there are afferent nenTs in the interior of a bone, as n'ell as 
in the periosteum and endosteum. There is little doubt about the 
periosteum; it contains abundant myelinated and non-mj'elinated 
nerve fibers ending in networks on the surfaces of the bone tissue. 
Some observers also see myelinated and non-myelinated nerve 
fibers accompanying the blood vessels in the haversian canals. 
Jlyelinated ner^-es are numerous in the marrow and terminate in 
the endosteum as delicate fibrils running along the blood vessels. 

LYMPHATICS OF BONE 

L 3 ’mphatlc vessels in bone are more difficult to demonstrate b^’ 
ordinary morpholopc techniques than in any other tissue. Particu- 
late matter may he seen in lymphatic v’essels in the periosteum, 
bone marrow, macrophages, and regional IjTuph nodes within a 
few minutes after local instillation of India ink or dyes. However, 
the IjTnphatic vessels in the manrow-vascular-cell spaces of compact 
bone cannot be demonstrated by such means. Failure to demon- 
strate IjTnphatic vessels in either compact bone or bone marrow 
has been reported. 
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Histogenesis and 
Organization of Bone 


Bone always arises, both in fetal and in postfetal life, bj' a trans- 
formation of connective tissue. Connective tissue is present 
throughout the body and assumes many forms. We are concerned 
with the connective tissue cells that may give rise to the cells of 
bone and \\ith the interrelations between tbe cells of connective 
tissue and those of bone. For an understanding of these relation- 
ships there are required: (1) criteria for identification and designa- 
tion of connective tissue celb, particularly those related to bone 
and its formation; and (3) a clear and consistent terminologj' for 
those cells to which reference is to be make throughout this book. 

CRITERIA FOR DESIONATIOM OF 
CONNECTIVE TISSUE CELLS 

Below are indicated the criteria we have adopted for classifica- 
tion of these cells, together with the designations we have em- 
ployed. 

Morphologic Criteria. Cells found in loose connccti\e tissue — 
fibroblasts, macrophages, lymphoid wandering cells, mast cells, 
and plasma cells — are recognizable under the microscope by their 
morphology and staining reactions alone. In certain other locations, 
as in tumors, inflammatory tissue, and perivascular connective 
tissue, recognition of fibroblasts may be difficult; complete charac- 
terization of these cells may require criteria other than morpho- 
logic. In the absence of definitive criteria, the use of purely descrip- 
tive terms, such as spindle cdls, spindle-shaped cells, orfibrohlasl- 
Jike cells, is common. 

Criteria of Location. Many cells, resembling fibroblasts in mor- 
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pliology, may be identified by their locations. Thus the out- 
stretched cells of reticular connective tissue, including the stroma 
of the bone marrow, are known as reiicyJar cells. Among the ’peri- 
vascular connedice tissue crils are those with mesenchymal poten- 
cies, found in close relationship to the small blood vessels. In the 
bone marrow, particularly in the xone of erosion of cartilage, the 
perivascular connective tissue cells are reticular cells. Jlorcover, 
endosteal cells, associated with bone marrow as well as with bone 
tissue, are also reticular cells. Periosteal cells form the deeper laj-er 
of the periosteum, sometimes called the cambium layer; unless 
participating in osteogenesis and recognizable as osteoblasts, they 
may be identified only by ibelr location. 

Criteria of Origin. All types of connective tissue derive from 
embryonic mesenebjune. Some mesenchymal cells persist in an undif- 
ferentiated form in the adult organism, with the capacity of dif- 
ferentiating into new cell types, e.g., osteoblasts. Connective tissue 
cells may arise in inflammatory processes, such as the reaction to 
transplants and to injurj'. The cells may be of local ktslogenic 
origin, arising from histiocytes (macrophages) or from lymphoid 
wandering cells; or kcmalogenie, arising from monocytes and, 
according to some, also from lymphocytes. Connective tissue cells 
of inflammatory origin may differentiate into fibroblasts; it is 
still uncertain whether they may be transformed into the cells of 
bone. 

Criteria of Function. The term fibroblast implies that the cell 
produces connective tissue fibers. Some histologists prefer to re- 
serve the term for cells which have differentiated irreversibly and 
which, by definition, arc not capable of transformation into the 
cells of bone. Others describe the transformation of fibroblasts into 
bone cells but not into other connective tissue cells. The issue is 
Irequcatly Sivuhd byivlerencc to spiadkf-shaped or Sbroblast-liko 
cells. Reticular cells are so named because of their intimate rela- 
tionship with reticular fibers, which they are active in forming. 
Like the mescnchjTnal cells of the embryo, they may turn into all 
tj^jes of blood and connecth'c tissue cells; reticular cells of the bone 
marrow also have osleogcnctic potencies. 
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Crileria of Potencies. A cell mth the capacity to transform into 
an osteoblast and to form bone has osieogenetic potency. Such a 
potency is latent; when it manifests itself, either spontaneously 
or as a result of experimental intervention, the cell exhibits osfeo- 
genetic activity. A re^rsible change in cellular activity is modu- 
lation; an irreversible change in potency is either a differentiation 
or a dedifferentiaiion. In many instances it is not possible to ascribe 
specific potencies to cells without having observed the correspond- 
ing activaties. Connective tissue cells with the capacity to undergo 
differentiation or modulation and to exhibit osteogenetic or other 
specific activities are called mesenchymal cells in embryonic life. 
In postfetal life their nature is not always dear; some perivascular 
connective tissue cells have these potencies, as do the reticular cells 
in the bone marrow, 

TERIIINOLOGY OF CONNECTIVE TISSUE CELLS 

There are many areas of uncertainty concerning the cells of con- 
nective tissue. Without attempting to resolve these uncertainties, 
we shall use the following terms for designation of connective 
tissue cells, with the meanings as indicated. 

Mesenchymal Cell. An embryonic connective tissue cell, with an 
outstanding capacity for proliferation and capable of further dif- 
ferentiation, as into reticular cells or osteoblasts, is a mesenchymal 
cell. When persisting in the adult organism, these cells are usually 
arranged in loose connective tissue along the small blood vessels 
and as reticular cells in relation to reticular fibers. They are iden- 
tified by location as well as by the capacity to differentiate into 
other cell types, such as into smooth muscle in the formation of 
new arteries in inflammatoiy processes; into phagocytes; and into 
bone. 

Reticular Cell. The cell of reticular connectis’e tissue, including 
the stroma of the bone marrow, where it retains both osteogenetic 
and hemopoietic potencies, is called a reticular cell. It is identified 
by its location, morphologj’, potency, and direct origin from mes- 
encbjunal cells. 

Endosteal Cell. The endosteum is a condensation of the stroma 
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of the bone marroiN-; its cells are reticular cells, identifiable as 
endosteal cells by their location. 

Fibroblast. This is a spindle-shaped cell of the loose and dense 
connective tissue, with the capacity to form the fibers of these tis- 
sues. Opinion differs as to its ability to form bone; we shall not 
refer to this cell as a precursor of bone cells. 

Periosteal Cell. The outer layer of the periosteum is a network 
of dense connective tissue fibers and fibroblasts, Osteogenetic 
potencies have not been demonstrated for this layer. The inner 
layer, sometimes called the eambium layer, is actively osteogenetic 
during growth; in adult life iU cells are identified only by their 
location and by activation of their osteogenetic potencies after an 
iniury. 

Conneciite Tissue Cell. By far the greater number of cells of 
connective tissue are fibroblasts; these are of doubtful potency 
with respect to the formation of bone. MTjerc wc wish to imply 
that cells of connecti^-e tissue may still possess osteogenetic poten- 
cy, ne shall use the general, but noncommittal, term eoKnedw 
iisanie cell. llTien desirable for purposes of clarity, ne may furllicr 
characterize tljcse cells by such terms as perivascular connective 
tissue cells, undiferenliated connective tissue cells, or young connec- 
tive tissue cells. At times ne may also use the descriptive term 
spindle-shaped cells. 

ORtGCr op noKE 

Under appropriate conditions, any of the foregoing cells, with 
the possible exception of fibroblasts, may assume the form of osteo- 
blasts and play an active part in osteogenesis. In so doing, they 
form collagenous fibers and deposit the ground substance of bone. 
As the interstitial substance surrounds them, they become osteo- 
cytes. As resorption occurs, osteoefasts appear in numbers, arising 
either from osteoblasts or osleocytes or directly from the reticular 
cells of the bone marrow. At any stage in these transformations the 
process may be reversed; the cells characteristic of bone are then 
no longer recognizable. They may assume the forms of the connec- 
tive tissue cells from which they are derived, while still retaining 
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their osteogenelie potencies. Figure 4 illustrates the relationships 
of connective tissue cells to bone. 

In summarj-, bone arises in embrj-onic life by differentiation of 
inesench.\ina! cells into osteoblasts; some of the mesenehjinal cells 
may first transfonn into reticular cells of the bone marrow before 
l)ecoming osteoblasts. In postfelal life the gron-th and reconstruc- 
tion of bone occur mainly bj* osteogenetic activity on the part of 



Fig 4 — Diiigram to illustnir onguu and Iraiuronnations of tbe nib partio- 
pating in the histog'nesis of bone and in the bealing of fractures. All these cells are 
derived from mesenchyme and progress through different pathways in different 
locations Tfie repair of fractures depends upon the mobilization of a variety of cells, 
each contributing to the formation of the provisional Shrocartibgiooi^ callus or to 
bonv union 

reticular cells, endosteal cells, anil periosteal cells; all of these cells 
assume the form of osteoblasts wlule engaged in osteogenesis. 

In later chapters the postfelal osteogenesis that occurs in the 
healing of fractures or following transplants of shelelal tissues 
will be evamined. It will be shown that, when bone is transplanted 
to a soft tissue, it may lead, by induction, to formation of bone by 
the connective tissue cells of the host, under the influence of the 
transplant. Under these conditions the cells that may engage in 
osteogeneris are the undifferentiated connective tissue cells of the 
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host. In addition, histogenicand hematogenic cells of inflammatory 
origin may possibly participate in osteogenesis; whether this is the 
case is not proved. In the healing of a fracture the same resejroirs 
of connective tissue cells are available; to them are to be added 
the endosteal and periosteal cells in the fracture area. They arc 
the first to fonn bone. 

rORSfATIOS OF BONB 

Tlje fonnaliojj of bone, particularly in the embrj-o, njay be pre- 
ceded by the laying-down of a cartilage model; or it may occur by 
direct transformation of connective tissue, ^^^len bone is formed in 
such a manner as to replace cartilage, either in embryonic or in 
postfetal life, the process is endochondral or xntracartilagino-us 
ossifcalxon: when the transformation is direct, without the pres- 
ence of cartilage, this is intramemhrano'us ossification. It is con* 
wnient to describe these two fonns of ossification separate!}’. 

Bone is characterized by deposition of the bone mineral ndthin 
an organic matrix. This proceeds, during development and growth, 
both in the matrix of the cartilage model in advance of bone for- 
mation, and in the bone matrix as it is laid do'n’n. Calcification 
will accordingly be described with the histogenesis of bone. 

ISmASrEMBRAXOVS ossmcATios 

Intramembranous formalion of bone occurs in every part of the 
body — in tlie shafts of the long bones and in the continuous growth, 
internal reconstruction, and remodeling of ewry bone. In most 
^•e^tebrates it is the only form of growth or reconstruction of bone 
that continues throughout life, after growth in length of the long 
bones has ceased. 

Intramembranous ossification, in its very earliest stages and in 
its least complicated form, is best seen in the formation of the 
crabrj'onic calvarium. Here, in the places where bone is about to 
appear, the intercellular substance between the cells of the con- 
nective tissue, previously indistinguishable from other connective 
tissue surrounding it, increases in amount and density. It assumes 
a more homogeneous appearance and becomes eosinophilic. Si- 
multaneously, the conncctii-c tissue cells increase in size and 
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Jissume the forrn of osteoblasts. At about the same time, beginning 
calcification in the matrix is first demonstrable with the von Kossa 
stain. It is seen as scattered granules of silver, associated with 
the interstitial tissue. The content of bone salt of the newly formed 
matrix rapidly increases, as the transformation to bone becomes 
complete. 



Fic 5 — Eleitron micrograph of undecalciBed tibia of a rat, fi.sed Vrjlli osmic 
acid 1, Zone of calcification; 2, preosseous (issue; S, cross-sections of CWra. (From 
original of Fig 9, Kneae and Knoop, Zcitschr. f.Zellforschuag, 48:465 Reproduced 
by courtesy of the publishers ) 

Pommer introduced the concept of physiological osteoid, as a 
necessary stage in the formation of bone by apposition. According 
to this concept, the first step b deposition of a non-calcified preos- 
seous or osteoid tissue; calcification then follows, and bone is the 
result. McLean and Bloom, utilbing sections of undecalcified bone, 
stained with silver nitrate to demonstrate the bone mineral, and 
obseiwed with the light microscope, concluded that the matrix may 
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be regarded as calcifiable as soon as the tissue is recognizable as 
bone, and that the delay sometimes obser\'ed in the deposit of 
mineral may be ascribed to a lag in Ibe supplj* of the necessary 
materials. Frost ei al. have studied the layers of unmineralized 
matrix from 5 to 30 microns thick, usually applied on a pre-existing 
bone surface and designated as osteoid seams. They found a normal 
incidence of such seams, in human material, in terms of the 
longitudinal vascular channels in diaphyseal cortex, as follows: 
at age 5, about 10 per cent; at age 15, 3 per cent; at age 30, 0.8 per 
cent; and at age 70, 0.8 per cent. There were variations from one 
bone to another and, in general, there nere higlier values in the 
axial skeleton than in the appendicular skeleton. Obseiratjons 
udtb the electron microscope appear to demonstrate that there is 
always a thin layer, 1 micron or less, of uncalcified preosscous 
tissue during the formation of bone, even in animals with an 
optimum intake of minerals. Wlietber this requires a return to 
the concept of physiological osteoid, in the sense of Pominer, is a 
matter of opinion; certainly, the broad osteoid borders observed 
by him were indicative of a minimal rachitic stale, rather than of 
I)hysiologic bone formation (Fig. 5), 

XNTRACABTILACINOyS OSSIFICATION 

Cartilage models of most of the bones of the skeleton are formed 
during embryonic life. Initially, these models are made up of 
liyalJne cartilage, relatively free from glycogen, from phosphatase, 
and from the enzjune systems concerned in glycob’sis. At a certain 
.stage of embryonic life, characteristic of each bone in each species, 
the hyaline cartilage undergoes changes usually described as 
degenerative, and the cells enlarge. At this time, the hypertrophic 
cartilage cells accumulate glycogen, and the glycolytic enzjTues 
and phosphatase appear. 

The changes in the cartilage cells occur in certain locations, 
destined to become the ossification enters for the shafts of the 
bones. As the cells undergo these changes, there is an ingrowth 
from the periosteum, in one or more places, of vascular mesen- 
cbjTne. This penetrates the areas of hypertrophic cartilage cells 
and replaces them with primitive bone marrow, leaving onl^- 
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assume the form of osteoblasts. At about the same time, beginning 
calcification in the matrix is first demonstrable with the von Kossa 
slain. It is seen as scattered granules of silver, associated with 
the interstitial tissue. The content of bone salt of the newly formed 
matrix rapidly increases, as the transformation to bone becomes 
complete. 



I'lO 5 — Klectron inivrograph ot undecalcified tibia of a rat. fixed nitli oaiulc 
acid I, Zone of calcification, t, preosseous tissue, 5, cross-sections of fibers. (From 
original of Fig 9, Knese and Knoop, Zdtschr f.&llforschung, 48:463 Heproduced 
by courtesy of the publishers.) 

Pommer introduced the concept of physiological osteoid, as a 
necessaiy stage vn the fonnatwwv ot V»w« by apposWon. AecQrdmg 
to this concept, the first step is deposition of a non-calcified preos- 
seous or osteoid tissue; calcification then follows, and bone is the 
result. McLean and Bloom, utilizing sections of undecalcified bone, 
stained with silver nitrate to demonstrate the bone mineral, and 
observed with the light microscope, concluded that the matrix may 


18 



tidracariilaginoxis Ossificaiion 


be regarded as calciGable as soon as the tissue is recognizable as 
bone, and that the delay sometimes obsen'ed in the deposit of 
mineral luaj’ be ascribed to a lag in the supply of the necessary 
materials. Frost et ai. have studied the layers of unmineralizeil 
matrix from 5 to 30 microns thick, usually applied on a pre-existing 
bone surface and designated as osteoid seams. They found a normal 
incidence of such seams, in human material, in terms of the 
longitudinal ^•ascular channels in diaphyseal cortes, as follovrs; 
at age 5, about 10 per cent; at age 15, 3 per cent; at age 30, 0.8 per 
cent; and at age 70, 0.8 per cent. There were variations from one 
bone to anotlier and, in general, there were higher values in the 
axial skeleton than in the appendicular skeleton. Obseiralions 
noth the electron microscope appear to demonstrate that there is 
always a thin layer, 1 micron or less, of uncalcified preosseous 
tissue during the formation of bone, even in animals ^ntb an 
optimum intake of minerals. AMielher this requires a return to 
the concept of physiological osteoid, in the sense of Pommer, is a 
matter of opinion; certainly, the broad osteoid borders observed 
by him were indicative of a minimal rachitic state, rather than of 
physiologic bone formation (Fig. 5). 

rKTRACARTIL-lGlNOOS OSSIFICATIO.V 

Cartilage models of most of the bones of the skeleton are formed 
during embrj’onic life. Initially, these models are made up of 
hyaline cartilage, relali\’cly free from glj-cogen, from phosphatase, 
and from the enzyme systems concerned in glycolysis. At a certain 
stage of embiy’onie life, characteristic of each bone in each species, 
the hyaline cartilage undeigoes changes usually described as 
degenerative, and the cells enlarge. At this time, the hypertrophic 
cartilage cells accumulate glycogen, and the glycolytic enzjTae.s 
and phosphatase appear. 

The changes in the cartilage cells occur in certain locations, 
destined to become the ossificaliou enters for the shafts of the 
bones. As the cells undergo these changes, there is an ingrowth 
from the periosteum, in one or mote places, of vascular mesen- 
chj-me. This penetrates the areas of hypertrophic cartilage cells 
and replaces them with primitive bone marrow, leaving only 
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scattered, short fragments of matrix, upon which osseous tissue is 
deposited. The entire process of ossification in cartilage models 
begins in a relativ-ely small number of foci, originating from the 
mesenchyme forming the perichondrium or periosteum. The 
mesenchymal cells have osteogenetic and hemopoietic potencies, 
and from them are formed the ossification centers of the bone and 
the primitive bone marrow. 

From the ossification centers, replacement of cartilage by bone 
and primitive bone marrow extends centrifugally, until the marrow 
cavity is free of cartilage cells. Only fragments of cartilage matrix 
are left; some of the cartilage cells mny sunive and become 
osteoblasts. It has been customary to describe this replacement as 
invasion and erosion, as though the force behind it lies in the 
mcseDchjme, driving it to destroy the cartilage. It is at least 
equally reasonable to assume that the sequence of events begins 
with the changes in the cartilage cells themselves and that the 
ingrowth of the tneseDchjme is a response to these changes. In any 
case, the widespread replacement of cartilage is slowed down only 
as it approaches the portion of the model destined to form the 
epiphysis and the epiphyseal cartilage. Here, the line of further 
growth of bone Is established, and the replacement of cartilage 
continues in a more orderly fashion. Growth in length of the long 
bones is thus a direct continuation of the intracartilaginous ossi- 
fication within the embryonic cartilage model. 

At the time that foci of hypertrophic cells are seen in the carti- 
lage models of bone, or shortly thereafter, calcification of the 
cartilage matrix is demonstrable. In certain bones of the embrj-onic 
rat this calcification may begin before penetration by mesenchjTne, 
so that the ingrowth from the periosteum is into an area in which 
calcification has already taken place. In the bones of larger animals 
calciScation may not occur until penetration is under way, but it 
proceeds in advance of the invading tissue for at least the space of 
a few hypertrophied cells. In both cases, the effect is that replace- 
ment of the embryonic cartilage model by bone is guided, just as it 
is later in the growth of bone, by a network of calcified cartilage 
matrix (Fig. C). 
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Fifj. ti.~Fccl!ons 1o illuilrate caJcilkalha of bonn tlenhping from carliJjfK 
luoJeb in cuthryonic iinil R«<T>K>ra raL«. (a) LowptwJiim! section Ihrouph second rib 
of rat cnibrj'o. The calctficsIioR of Ific iieriosteaj Iwne collar is /urliter «<J- 

i-anced liuin liiat of thecsrULigc. XlOf. (4) Section of niclatars.i1 of Tlie 

matric of Ifie lypertrophic carttla^ is not completefy calciBcd. X40. (r) Sertion 
through cartilage moticls of bodies of three STrtehnic of SO-dsy rat enihr>i>, showing 
three stages in Ihecaldficalionof tbemoiW.Sairrmtrate-hcniatox^lin-cosin. X.M). 
(From original of n. 5. Rgs. 8, f>, I(h BIooib «tKl Dloom, Anat. Ilcc., 78:4?^. Ilc- 
produccil hy courtesy of the pubitshen.) 
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Also, at about the same time the cartilage model is being pene- 
trated, a thin layer of caldfied subperiosteal bone is formed, en- 
circling the shaft of the model and constituting the periosteal 
collar. Intrameinbranous fonuation of bone in this location con- 
tinues by osteoblastic apposition, and calcification of the osseous 
tissue follows. 

After the line of growth is established and at a time character- 
istic for each species and each bone, the cartilage forming the 
epiphyseal ends of the bone is invaded, again by ingrowth of mes- 
enchjme, and replacement of the cartilage by bone follows. The 
epiphyseal cartilage dish remains oriented toward the marrow 
cavity of the shaft, its epiphyseal surface commonly being covered 
by a plate of bone. There develops within the epiphysis a frame- 
work of spongy bone. This gives strength to the ends of the bone 
and forms the support of the articular cartilage, which is also sup- 
iwrtcd by plates of imderijing bone. 

ENOOCHONtUHL OBOWTJl OF BONE 

The epiphyseal cartilage is a portion of the embryonic cartilage 
model that persists through adolescence, proliferates, and partic- 
ipates in the growth in length of the long bones. This growth 
occurs by a continuous ingrowth of capillaries into the proliferating 
epiphyseal cartilage, accompanied by mesenchj-mal celb with 
osteogenetic potencies; the invaded cartilage is thus replaced by 
diaphyseal bone. The net result is that the cartilage disk remains 
at an approximately constant thickness, being replaced on the 
diaphyseal front, while new cartilage cells, arranged in rows, arise 
from the epiphj seal face. The diaphysis increases its length by the 
amount by which it replaces cartilage. Growth, then, occurs in 
two places; (1) in cartilage by division of cells; and (2) in diaphys- 
eal bone by replacement of cartilage. New bone is laid down on a 
framework of calcified cartilage matrix, which persists when the 
cartilage is invaded (Fig. 7). 

GKO'mH APPARATUS 

The process by which Ibe long bones continue to grow in length 
through adolescence is similar to that of the replacement of em- 
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Fig. 7. — Sections through fiypertropiiic cartilage aiiij tones of provisional calci- 
fication in epiphj-seal cartilagiM, to fllustnitc progress of calcification in the groivth 
in length of the long bones, (a) Troxitnal end of tibia of noraial rat. age S3 daj's; 
(h) distal en<l of radius of normal age 34 days; (c) costochondral junction, 

same puppy. Xote intcrdigitntion of calcified cartilage matrix and cartilage in 
n and b, absence of interdigitstion in e; calcified croas-parlitions in a; absence of 
osteoid in primary spongiosa in all. Slvee nilralc-bematoxylin-eosin X245. (From 
original of PI. 3. Figs. 3,3, 4, ^Icl^an and Bloom, Anat. Rcc ,78:357. Reproduced 
by courtesy of the publishers.) 
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brj-onic cartilage models by bone, with the eiception that the epi- 
physeal cartilage disk and its surrounding structures become or- 
ganized and oriented to perform a specific function. This requires 
a complex mechanism, which we have termed the groicth apparatus; 
unless this mechanism functions as a whole, gro\\'th in length 
cannot occur or is distorted. 

The growth apparatus is based on the epiphyseal cartilage but 
is not limited to this structure. The epiph5’seal face of the disk is 
made up of cartilage matriv, within wliich cartilage cells are im- 
bedded. These continue to divide, giving rise to new cells, com- 
monly arranged in rows; for this reason the dividing cells are 
known as molher-ceUs, or row mother-cells ; the rows are separated 
from one another by cartilage matrix. Heplacement of the car- 
tilage cells by bone occurs at the opposite face of the cartilage, 
i.e., the diaphyseal face or front. 

Vien'ed in sagittal section, the cartilage cells become larger as 
they near the diaphyseal front and develop vacuoles I'n their cj'to- 
plasm. The nuclei swell and lose most of their chromatin, and the 
cells degenerate; at this stage they are known as resicvlar or hyper- 
trophic cartilage cells and are ready for penetration by the vascular 
connective tissue. The primary spongiosa is a direct and unrecon- 
structed continuation of the cartilage matrix, the hj-pertrophic 
cartilage cells being replaced by vascular connective tissue. Osteo- 
blasts are numerous at the junction of the spongiosa with the car- 
tilage, but, as a rule, little or no new bone is deposited on the 
matrix of the primary spongiosa. 

If the epiphyseal cartilage and the primarj- spongiosa are viewed 
in Serial cross-sections, tbej’ resemble a honeycomb in structure, 
each compartment of which contains a column of cartilage cells, 
g^o^Ying out from the mother-cells and undergoing hypertrophy 
as they approach the cartilage front. Into each of these columns 
there grow from the bone marrow one or more minute blood 
vessels, accompanied by perivascular connectu'e tissue cells. The 
blood vessels penetrate the hypertrophied cartilage cells, most of 
which disappear and are replaced by vascular ingrowth. 
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In advance of the invading blood \'KSsels, usually to a depth of 
two to four cells in the cartilage, the matrix making up the walls 
of the columns becomes caldfied. This forms the sone of provisional 
ealcificalion, \’irtually indenttcal with the zone of growth, within 
which the cartilage cells arc displaced by the tissue advancing from 
the bone marrow. This calcification ser\'es a double purpose; it 
guides the blood vessels in their pix^ress into the columns of car- 
tilage cells, and it affords structural strength, by providing inter- 
locking or interdigitation between the bony diapbysis and the 
epiphyseal cartilage, bridging the zone of growth. Caldfiability of 
the cartilage matrix in the region of the hj-pertrophic cartilage 
cells is believed to be conferred upon the matrix by some activity 
of the adjoining cells. 

The normal functioning of the growth apparatus has been sub- 
jected to mechanical interference in experiments reported by 
Trueta and Amato. If a plastic membrane is placed in the center of 
the epiphysis to isolate the marrow from the epiphyseal plate, 
normal division and row formation of cartilage cells does not occur, 
owing to the interposition of a barrier to the nourishment of the row 
mother-cells by the blood vessels of the epiphysis. If the membrane 
is interposed between the metaphysis and the epiphj*seal plate, 
the columns of cartilage cells persist; however, calcification is 
absent or delayed, and the chondrocytes persist. Here, the barrier 
interferes with the ingroulh of blood vessels from the metaphysis 
into the growth apparatus. 

The barrier that prevents \’ascular invasion of the columns of 
cells in the epiphyseal cartilage has a pathologic counterpart in 
a condition arising from faulty growth of cartilage, usually heredi- 
tarj’ and known as dyschoudroplasia or Ollier’s disease; the growth 
apparatus fails to function, and the normal sequence of cartilage 
degeneration, calcification, and growth is interrupted. A compa- 
rable failure of the growth apparatus may be induced by chemical 
or metabolic interference. If rats are fed a diet deficient in vitamin 
D and phosphorus, and rickets is produced* the hypertrophic car- 
tilage cells persist and accumulate, and the growth sequence fails. 
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BECONDAET SPOXGIOSA 

Tile secondary spongiosa is a vaulted structure, resting upon the 
primaiy spongiosa and transferring the stresses to the shaft. It is 
a direct continuation of the primaij' spongiosa, subjected to much 
more thinning-out and reconstruction, and it is in the secondary’ 
spongiosa that deposition of new bone on the cores of calcified 
cartilage matrix is most prominent. Such bone is ordinarily cal- 
cified as it is laid down, withonly a thin !a3’er of uncalcified osseous 
tissue tfemonslrabie bj' the electron microscope; in well-nourished 
animals, borders of uncalrificd osteoid tissue, visible under the light 
microscope, are not common. Most of the calcified cartilage matrix 
disappears during growth and reconstruction. Although cartilage 
cells at times transform directly into bone cells, this is quantita- 
ti\el3’ an unimportant part of bone formation or growth in the 
higher animals. Notliing comparable to the growth apparatus of 
endochondral ossification is apparent in the gronlh of bone formed 
by intramembranous ossification. 


OJIGANIZATIOV OF BONE 

Hones arc organised on two levels: ( 1 ) as a tissue, and (S) as 
organs. Bone as a tissue has a more complex pattern than is appar- 
ent in either loose or dense connective tissue. Bones as organs are 
highly specialized in relation loembri'onicdeielopment, to growth, 
to function, and to regeneration following injury. 

The organization of bone as a tissue isdisplaj’ed in the structure 
of the organic matrix, and in the relation of this matrix to the 
osteocytes, with their lacunae and interconnecting canalicules. The 
fibers of compact bone, instead of being arranged in a random fash- 
ion, are oriented to the structure of the haverstan systems. 

In primarj’ ossification, beginning in embiyonic life, the fibers 
of bone are interwoven, without a definite internal structure. Sub- 
sequently, and early in the postfetal life of man, tunnels are hol- 
lowed out in the osseous tissue, by resorption from the marrow 
cavity, and these tunnels are known as primitive Haversian systems. 
After the age of one year, all new bone formed in the diaphyses of 
the long bones is laid down in lajers, or lamellae. 
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The unit of siruclurc of compact bone is the hareratan agstem, 
or osicon. Tliis is, when fully foimcd, an irregularly cylinilricnl 
and branching flnicturc, with thick walls and a narrow' lumen — 
the Imversian canal. The canal carries one or more blood vessels, 
mainly capillaries and \-cnules. The cylindrical osteons are usually 
oriented In the long o.\es of the bones. The walls lun-e a definite 



}-'lo. 8. — tlirouri’ romimci Ininnn bom', to illu<in>lc liairrsun «\strms 
cpo«.v«cction, X1'*0; fJg/il, longjlmJinal sortioit, (From Wrinronnn »nJ 

SirJier, n«:w*n<l }>«n« (St homt: C. V. M<wby Co., 18t7), Fj^^. 11 amt 13, pp 30 
afi'I Si. Hrprcxtuen} by courtciy of Dtc publwlior* ) 

lametbr siruclurc, the fibrils of each lamella nmning spindly to 
the axis of the canal; the direction of the filiriU changes from layer 
to layer of the sucecs-siw lamellae. TIte haversian .system, In 
suhlition to l>cing arranged around a central canal, includes large 
numliers of lacunae, housing the osleocytes and inlerconneclcil 
with one another and with the lumen of the canal by means of 
branched ennalicules (I-'ig. 8). 

Itoiie, eillier inlmmembranouH or inlracarlilagiiious, is first 
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fonnecl as trabeculae of spongj- bone, with irregular communicating 
cavities, filled n ith bone marrow, and with centrally located blood 
vessel?. As the osteoblasts cotvring the bone produce layer after 
la\ cr of new lamellae b^- apposition on the bony surfaces, the mar- 
row spaces are reduced to such an extent that only a small canal 
remains about a blood wssel. This is, then, a primitire or primari/ 
haveraian aystem, or osteon, with its haversian canal, and it rep- 
resents the initial stale of compact bone. In certain small animab. 
such as the mouse and rat, organization of bone does not progress 
beyond this stage. In larger animab, however, aecondary osfeona 
are produced by formation of cylindrical absorption cariUea or 
tunneb, nhich are then filled in by deposition of concentric layers 
or lamellae of bone, again leaving, in each case, a haversian canal. 
Successive generations of haversian systems are then formed 
throughout the life of the animal. They cut across the lines of the 
earlier osteons, leaving irregularly shaped areas of interatilial 
lamellae. Additional eircumferenital lamellae are formed under the 
periosteum and endosteum. Compact bone thus consists of lamellar 
bone, arranged in a variety of nays: in relatively new and regularly 
shaped osteons; in portions of older osteons, remaining as inter- 
stitial lamellae; and in circumferential layers near the surfaces of 
the structure. All of these lamellae are alike in structure and func- 
tion; their differences are incidental to the sequences occurring in 
their formation. 


ESIBHTONIC INDOCTION OF BOXE FORilATIOX 
The organization of the histogenesis of bone and of the dewlop- 
ment and growth of the bones has been made the subject of a de- 
tailed study by Lacroix, and the reader is referred to his monograph 
and his subsequent publications. He has deN'eloped the theory of 
organization of bones by reference to two concepts, both familiar 
to students of e.xperimentaf embrj'otogj'. The first is that of induc- 
tion, which means that a tissue influences the development and 
differentiation of cells near by, to the end that they exhibit poten- 
cies not previously in evidence. The second is that of an organizer, 
or organizers, by which is understood one or more chemical sub- 
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slaiJccs Dial ran influence tJeri<avely the jlirrtlion Dial fiirDior 
dcvcloinncnt of a tissue may take. 

Tile first example of induction given In* Lacroix is Dial Die 
exclusively cartilaginous part of the growth apparatus is capable, 
during proliferation, of exciting formation around it of a perichon- 
drlal rini;of the ossification groove. His conclusion is that the exist- 
ence of such a mechanism implies the intervention of an orjani'r- 
inji sxihslanoe. As a second example of iiuluction, he dcivcrilics 
experiments in which hj aline cartilage, normally not ostcogcnctic, 
is transplanted and kept in conlaol with nn epiphyseal cartilage. 
Under these conditions it acquires the structure and pro7>erties of 
the epiphyseal cartilage. lie calls this ''asivnUalorij induction of 
endochondral ossification.” The inducing tissue imposes its own or- 
ganization on the graft, and the occurrence of assimilatory induc- 
tion creates a strong presumption in favor of Die existence of an 
organizer, which he has named "osteogenin." 

The thesis that induction occurs from on extractable diffusible 
substance rests mainly on the occurrence of osteogenesis following 
the injections of suspensions or solutions, obtained by extraction 
of Iwnc substance, into the muscle of rabbits; this phenomenon is 
still a subject of some controversy, and is given further consider- 
ation in chapter xiii. As a general rule, in order (o induce the cells 
of a host tissue to undergo a transfomiation, enabling them to 
form a new and different tissue, prolonged contact with the in- 
ductor is iioce.ssarj-; this condition is not met by a single injection 
of a diffusible substance into the muscle of a host. The fonnalion 
of cartilage, subsequently uwlergoing transformation into Ixinc, 
has licen demonstrated by Bridges and Pritchard, following im- 
plantation of small pieces of devitalired muscle under the kidney 
cajisulc. This sxjggesls that a similar ineclmnistn may lie rcsjmnsihlc 
for formation of Iwne when muscle is dcvitnlired tn situ by in- 
jections of alcohol, with or without sxibslances ext Rictwl from bone. 

IKTEltXAL nECON'STttUCTIO.S* OF BO.VE 
Bones increase in length by Ihe functioning of Die growth nj)- 
paralus and in diameter by apposition of new periosteal bone. 
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while the marrow cavity is being enlarged by resorption at the 
endosteal surface. In addition to the changes in size and shape of 
the hones, as a result of the remodeling incident to groiv-th, there 
is continuous internal remodeling throughout the life of the in- 
dividual; this serves an important physiologic function, essential 
to homeostatic control of the calcium of the blood, and, therefore, 
to life itself. 

In compact bone there is first the formation of absorption cavi- 
ties, described by Tomes and De Jlorgan in 1853, The appearance 
of these cavities is associated with the presence of osteoclasts, and 
the cavities are extended, generally in the long axis of the bone, 
until they assume the form of tunnels Regulation of the tunnelling 
process is not understood; it appears to be independent of parathy- 
roid activity, usually associated with osteoclastic resorption in 
other locations. 

The tunnel, or absorption cavity, as seen in sections, contains 
blood vessels and connective tissue cells. While resorption Is in 
progress, the cavity is lined with osteoclasts; when resorption comes 
to an end and rebuilding begins, these are replaced by osteoblasts. 
The tunnel is then filled in, from its walls toward the center, by 
apposition of bone in successive concentric layers or lamellae, in- 
corporating the osteocytes, their lacunae, and the canallcules. 
Wherever the central blood vessel branches, a lateral branch of the 
osteon IS formed to surround it; some of these become the canals of 
Volkmann and communicate with the marrow cavity or the peri- 
osteal surface of the bone. The formation of new layers continues 
until the canal reaches its final diameter, usually approximately 
20 microns. 

Using lead as a marker, Vincent has studied the rate of formation 
and of maturation of new osteons. An ax-erage absorption eaxHty in 
a dog takes roughly three weeks to form, this being the period re- 
quired for tunnelling or excax’aUon. The building of the new osteon, 
including partial mineralization of the organic matrix, requires 
some six to twelve weeks. Primary mineralization of the matrix, 
to about 70 per cent of the final content, occurs rapidly during and 
immediately after the deposition of new laj ers of organic matenal; 
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completion of secondary miDcralization, to niaxinjiim density, 
takes much longer and has been found to be incomplete for as 
long as eighteen weeks. 

Frost et ah, using tctrac^'dinc as a marker, found the mean 
osteon formation time in a fifty-scven-year-old man to be five 
necks. The biologic half-life of ILe osteons svas calculated as 2.7 
years for the femur and 8.6 j*ears for the tibia. The percentage of 


Fjo J).-— Mivroratllograpli of normal human compart bone, from crosa-section w 
fresh tibia of a noman, age 47. Section, tOO/t thick, cut nith higJj-specd rotary saw 
nithout embediiing and uithout further treatment. liadiogroplt made ntth 9 Kt’ 
X raj-s, on Eastman ITodak CW-0 spectroscopic plate. XSO. (Reproduced by 
courtesy of R E. Ilou (and, Argonne hfationat Laboratory.) 

the mass of bone turned over, i.c., resorbed and redeposited, per 
day, was 0.036 for the femur and fibula and 0.012 for the tibia. In 
another study, also with tetracycline, the same authors report 
tiiat an average of 0.9 microns of new osteoid per tlay is formed 
in active haverslan systems in adults. 

OT.TJlAST«UCTUnE OF BONT5 

l\'hile the intimate structure of bone, as obser\*ed with the light 
microscope, has been well described for many years, the exploita- 
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tion of new biophysical techniques has added information concern- 
ing the details of fine structure and has increased knowledge of the 
relation of structure to function; special emphasis on the inter- 
relations of the chief components of hone is necessary for an under- 
standing of its functions. 

The terms fine structure and ■ultrastructure, as well as submicro- 
scQ-pic, have been used to indicate particles or structures not re- 
solvable by the light microscope. High-resolution electron micros- 
copy refers specifically to dimensions of 30 A or less. At the elec- 
tron microscope le\el, information has been obtained concern- 
ing the fibrillar structure of bone and the characteristics of collagen 
fibers, as well as about the form of the crystals of the bone mineral 
and their relationship to the collagen fibers and to the ground sub- 
stance. A beginning has been made on the uUrastructure of ground 
substance, until recently described as amorphous. The potentiali- 
ties of the electron microscope for elucidating the fine structure 
of bone, thus permitting further insight into its functions, have by 
no means been exhausted. 

Electron microscopy of bone has been aided by X-ray diffraction, 
both high-angle and low-angle. Hlgh-angle diffraction, particularly 
n ith microdiffraction techniques, has been of assistance in studying 
the crystallographic properties of bone tissue. Low-angle diffrac- 
tion has pven information about the dimensions of the particles 
and their orientation. 

Jlicroradiography requires the passing of X rays through thin 
sections and the recording of differences in absorption of the radia- 
tion on photographic plates or film, thus permitting enlargement 
of the image. ^Miereas ordinary histolo^c sections of bone do not 
reveal differences in the density of individual osteons, such dif- 
ferences are clearly demonstrated in microradiograms; the younger 
osteons are less mineralized and, consequently, less dense than the 
older ones. This has focused attention on the mineralization of 
osteons, and it is readily demonstrable that the new and less dense 
osteons account for most of the uptake of radioactive calcium, 
strontium, and phosphorus (Fig. 9). 

The results obtained on normal bone tissue by microradiography 
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have been confirmed by inicToinlecferometry. In addition, micro- 
inlerferomelric measurements made on tiecalcified tissue have 
sho^vn that the content ol organic material varies little from one 
osteon to another, indicating that the differences seen in micro- 
radiograms depend solely upon the content of mineral. The polariz- 
ing microscope reveals the arrangement of the molecules in calcified 
tissue; the close relationship between, collagen and the mineral 
phase of bone was observed by this means as early as 1923. 

The numbers of mitochondria in periosteal osteoblasts have been 
found to increase up to the period of maximum rate of bone forma- 
tion, and to fall sharply thereafter. The presence of a sex chTomaiin 
body similar to that reported in other tissues has been demonstrated 
in the nuclei of osteoblasts, osteocj'lcs, and periosteal cells from 
female dogs and cats. 


REIATION OF STRUCTURE TO FUNCTION 
a radioisotope— for example, strontium-flO — has been 
admimstered to an animal and undecalcified sections of compact 
bone have been made, it is possible to prepare photomlorographs, 
microradiograms, and autoradiograms, all of the same section. 
These may be enlarged to the same size and compared (Frontis- 
piece). The radioisotope is not only taken up chiefly by the newer 
and less dense osteons; by far the greater portion of It is taken up bj' 
a thin layer of new and only slightly mineralized matrix, which may 
not be seen at all in microradiograms, but may be visible in the sec- 
tion under the light microscope. ItTicn this layer is absent, no ap- 
preciable amount of radioisotope may be taken up by a particular 
osteon, even though the osteon as a whole is incompletely miner- 
alized and, hence, of a density comparable to that of others which 
do take up the isotope. These combined techniques afford a record 
of the sequence of events in the growth and mineralization of bone, 
not seen by any one of the techniques alone. 

Such findings as these have given strength to the view, to be 
treated at length later in this volume, that there is a labile fraction 
of the bone mineral, located diiefly, if not exclusively, in the newly 
formed and incompletely mineralized osteons, and more partic- 
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iilarly in the newest ]a,\ era lining these osteons. This laliile fraction 
of mineral, associated with bone of maximum reaclivily, nccounl.s 
for the rapid transfer of miners], in both directions, l)etweon bone 
and the fluids of the body, \\lien the blood plasma is dci>lcled of 
calcium, there is a rapid moTCinent of this element from the inter- 
cellular fluids, which setwe to buffer any rapid changes in the Ca*-*- 
content of the plasma; the caldum thus transferred from the inter- 
cellular fluids to the plasma is then replenished from the labile 
fraction of the bone mineral. As a rough guide, it may l>c said that 
the transfer of calcium from intercellular fluids to plasma provides 
for minute-to-minute adjustment; from the labile fraction of Imne 
to the intercellular fluid for the hoiir-to-hoiir adjustment; and 
from the stable fraction of the bone to the blood for the day-to-day 
adjustment. Taken together, the separate elements of this mecha- 
nism provide for the continued life and health of the organism, 
which Without it would be subject to violent fluctuations in the 
calcium ion concentration in the internal environment. 

Since the maintenance of a continuous supply of reactive Ixme, 
housing the labile bone mineral essentia) to life, ilcpends nj>nn the 
continuity of internal remodeling of bone, this remodeling, formerly 
believed to be determined by weight-bearing and other forces 
acting externally on the skeleton as o whole, is now seen to have an 
important metabolic function. Vincent has referred to the reactive 
bone, located in the new osteons, as meloboUc bone and has sUited 
that, when the immature osteons reach maturity and lose their 
special reactivity, this marks the transformation of metabolic bone 
to slmctural hone. At any given lime the amount of metabolic 
bone in the skeleton amounts to less than one per cent of the less 
active, structural lioiie. 
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CHAPTER IV 


Stnccture and Chemical Composition 
of Bone Matrix 


'rhe organic fraction of compact bone makes up as much as 35 
per cent of the dry, fat-free weight. Only a small part of this is con- 
tributed by the cells; the remainder, impregnated with the bone 
salt, is the bone matri-v. This has been inx-estigated intensively by 
histologic, cheraicai, and histochemical methods, and numerous 
electron microscope studies have been reported. 

The organic matrix has two chief components. 0/ these the most 
prominent is fibrillar in nature and is chemically a collagen, identi- 
cal with, or closely related to, the collagens found in other con- 
nective tissues. Between the fibers is found a ground substance, 
%\hose best-characterized component is a mucopolysaccharide iden- 
tified as chondroitin sulfate. The fluid portion of the intercellular 
elements of the bone matrix is small in amount; but from the ra- 
pidity with ivliich dissolved substances, such as dyes and radio- 
active isotopes, diffuse in the bones when introduced into the cir- 
culation, it is apparent that such fluid as is present is in close re- 
lationship until the ground substance. It is stated that free fluid 
may be entirely absent from considerable areas of compact bone, 
especially in the adult. This has an important bearing on the free- 
dom of exchange of ions between the bone'^nd the blood. 

COLI.AGCN 

Bone collagen is the substance which yields glue or gelatin when 
boiled. It makes up 0(>-9G per cent of the dry, fat-free weiglit of 
the organic matter of bone. ^losl studies on collagen have been 
made on material from other sources, but enough inform.ation con- 
cerning collagen from bone is now* available to make it clear that it 
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shares common properties with that from other foniis of connective 
tissue. 

Collagen is characterized by its appearance in fibrils, w ith dou- 
ble cross-banding at internals averaging 640 A (Fig. 10), It nly» 
gives a characteristic X-ray diffraction pattern. Chemically it is 
characterized by a low content of aromatic amino acids and a high 
content of pyrrolidine amino acids and glycine and by its six-cific 
h^-drolysis by the enzj'inc collagenase. Certain collagens, such as 
those from the tendons of the rat’s tail and from tlie swim bhulder 
of fish, are soluble in dilute acid and ma^' be rcprccipitalcd in fibrils. 










Fic 10.— Klectron EPicro^apli, iHusIrelinRriJfagrn filn-rs in » ix^tion of decaTa- 
fie«l human femur. Sha<Jov.etl «iUi uranium *l i«i mrIo ot 5*1. The major douhlel 
band* of the collagen are spawl hy 560A io this area. Incomplete mtertnollate 
cross-bancts are found in a f««- places. Continuity of ibe doublet Iwntis arroM 
several filers at right angles to the fiber direction u ohscn-cl. Osmium telnioxide 
fi.ral.on. (From original of R. 3. Rg.4.Rol«n-mnan.! Watson. .\nat. Ilre..lU:3')0. 
Rcprmluced by courtesy of the [Hiblwhers ) 
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with tjTpical periodic cross-banding, by tlie addition of electrolytes 
to the solution. The individual fibrils, 0.3-0.5 p in diameter, are 
often collecteci into smalt bundles 3-5 u thick. 

Collagen is readily digested by pepsin in acid solution but re- 
sists digestion by trypsin in alkaline solution. On hytirolysis, colla- 
gen or gelatin yields especially liigli proportions of glycine (25 
gm/IOO gm of protein), of prolinc (14.8 gm/100 gm of protein), 
and of liydroxj’proline (14.5gni/]00gm of protein). IIydro\ylysine 
is found only in hydrolj'sales of collagen and of gelatin, and in 
these the content of this amino acid is only about 1 per cent. Alpha 
amino groups are absent from collagen; aspartic acid, glutamic 
acid, alanine, and threonine, as well as glycine, are found as ter- 
minal amino residues in various fonns of gelatin. There is some 
evidence that the <-amino groups of lysine may participate in the 
nucleation of crystal fom\ation. G>nagen is poor in some of the 
amino acids essentia! to protein metabolism. There are species 
differences in the physical and cbeinical properties of collagens. 
Tile life span of the individual fibers is in doubt. The phy.siologic 
turnover of collagen in tendons is extremely slow; the same is true 
for bone. 

Collagen from bone and cartilage is indistinguishable from colla- 
gen from skin, tendon, and other connective tissues. The role of 
collagen in the nucication of ciystal formation, as exhibiletl by 
collagen reconstituted from solution, is considered in detail in a 
siibseciuent chapter. 

GnOOTfD HXmSTANCE 

Broadly conceivetl, ground substance may be defined as the 
extracellular and inlcrfibrillar component of all connective tissues. 
Formerly described as amorphous, it is now believed to have an or- 
ganization and uhrastnicturc of its own, or at least to exist in more 
than one phase. The relation of tissue fluid to ground substance is 
poorly understood. A working concept is that the ground substance 
varies in consistency and density from that of an interstitial fluid, 
i.e., an ultrafiltrate of plasma, to that of the basement membrane, 
and that it is coextensive with both; they represent its most fluid 
and most condensed portions, respectively. Related to this is 
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Chemistry of Ground Suhslance 


The amounts of mucopolysacdiarides in bone arc small; analytic 
data are scanty. Drjs fat-frec human compact bone has been re- 
ported to contain 0.1-0.25 per cent of hcxosaminc (estimated as 
glucosamine hydrochloride), and 2.0-4.0 per cent of total reducing 
substance (estimated as glucose). Ox shaft bone has been rcportwl 
to contain 0.3-0.4 per cent of a sulfatcd polysaccharide, comiwscd 
of about equimolar concentrations of hexosamine, tironic acid, 
and sulfate and is a chondroilm sulfate; of the total content, only 
alwut 10 per cent was isolated. Bastoc and Easloc reported the 
isolation of a mucopolysaccharkle-protein complex obtaine<l by 
I^me'^\atc^ extraction of air-dried Iwne powder (0.24 per cent by 
neighl). On hydrolysis, they demonstrated both galactos.'imine. 
7.07 per cent, and glucosamine, 1.23 per cent, together with 1.C3 
per cent Sulfate'S. On paper chromatography, they found gnlac- 
to<e, mannose, and xjdose. 

The results from analyses of bone arc consistent with the finding 
of approximately 0.5 per cent of chondroilm sulfate in dentin. 
Another approach to the estimation of chondroitin sulfate in car- 
tilage and bone is by analysis for total sulfate. The sulfate content 
of the organic matter of bone is about 15 per cent of that of car- 
tilage. A similar contrast between cartilage and Iwnc is revealed 
by auloradiograiihs following ndministralion of S“ to suckling 
rats. The sulfated mucopolysaccharides of bone ha\‘e been shown to 
c.xist in protein coniple.ves. The highly* pohTnerixed molecules of 
chondroitin sulfate do not ordinarily move with the tissue fluhl 
into liic blood plasma. 

Based upon determinations of hydroxj’proline, ns an index of 
the concentration of collagen, and total hexosamine, as an index 
of the concentration of mncopolysaccJjaride, it is believed that the 
ratio of mucoprotcln to fibrous protein increases with As.v;ci- 
atcil with these, the ratio of glucosamine to galactosamine al«) 
decreases in aging coimcclive tissues; cartilage contains more 
kcratosulfatc vdih aging. 

The plant proteases — i^apain, bromrliu, anil ficin — have liecn 
useful for the study of ground suhslance. IVlienortnleorin.iclinil- 
ed papain is injected into a young rabbit the car cartilages collapse 
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another \'iew that a uater-rich phase exists in the form of sub- 
microscopic droplets interspersed in a more dense but still liquid 
or semiliquid colloid-rich phase; according to this \dew, the inter- 
stitial fluid is that portion of the intercellular fluid nhich retains 
its ability to move readily in and out of the two phases. This mobile 
fluid is responsible for the transport of dissolved substances Ije- 
tneen Idood and colls, in both directions; it no longer seems nec- 
essary to postulate interstitial fluid as a separate phase, distinct 
from the solids of the ground substance. 

Extension of these concepts to bone offers additional difficulties. 
Beginning with preosseous tissue, it has been proposed that the 
collagen fibnls are formed from tropocollagen in the dense phase 
of the ground substance, and that these are accompanied by the 
first and smallest crystals of the bone mineral- As both fiber for- 
mation and calciflcatioD reach Ibelr maximum, the possibilities of 
movement of fluid, an<i espcdally of the denser phase, become 
sharply limited: the ground substance of bone is in a more nearly 
static condition, nnth the movement of fluid limited to Ural con- 
taining small ions or molecules, capable of penetrating between the 
crystals of mineral. 

aiEUlSTRT or OROOT) 8CB.STA.VCE 

The ground substance of connecli%*e tissue is characterizcil by 
its content of polysaccharides containing bexosamines, or amino 
sugars, and by its staining reactions. The polysaccharides incor- 
porating hexosamines are known as mucopolysaccharides. Of 
these the best studied are hyaluronic acid and the efiondroftm 
sulfalee, of which three are known — A, B, and C, respecth-ely. The 
mucopolysaccharides found in bone include chondroitin sulfate A, 
keralosulfate, and hyaluronaie, together with additional unidenti- 
fied sulfated fractions. On hydrolysis, or on digestion by testicular 
hyaluronidase, chondroitin sulfate A yields glucuronic acid, n-ith 
a repeating unit of chondrosjn. Hyaluronic add yields glucuronic 
add with a repeating unit of hyalobiuronic add. Keratosulfate is 
a polymer of galactose, X-acetyl glucosamine, and sulfate. The 
physiologic significance of the mucopolysaccharides, isolated from 
s wide variety of sources, ts but little understood. 
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The amounts of mucopolysaccharides m bone are small; analytic 
data are scanty. Drj’, fat-free human compact bone has been re- 
ported to contain 0.1-0.25 per cent of hexosamine (estimated as 
glucosamine hj-drochloride), and 2.0-4.0 per cent of total reducing 
substance (estimated as glucose). Ox shaft bone has been reported 
to contain 0.3-0.4 per cent oi a suUated polysaccharide, composed 
of about equimolar concenlralions of hexosamine, uronic acid, 
and sulfate and is a chondroitin sulfate; of the total content, only 
about 10 per cent was isolated. Eastoe and Eastoc reported the 
isolation of a mucopolysaccharide-protein complex obtained by 
lime-water extraction of air-dried bone powder (0.24 per cent by 
weight). On hydrolj'sis, they demonstrated both galactosamine, 
7.67 per cent, and glucosamine, 1.23 per cent, together with 1.63 
per cent sulfale-S. On paper chromatography, they found galac- 
tose, mannose, and xylose. 

The results from analyses of boneareconsistent n-ith the finding 
of approximately 0.5 per cent of ehoodroitin sulfate in dentin. 
Another approach to the estimation of chondroitin sulfate in car- 
tilage and bone is by analysis for total sulfate. The sulfate content 
of the organic matter of bone is about 15 per cent of that of car- 
tilage. A similar contrast between cartilage and bone is revealed 
by autoradiographs following administration of to suckling 
rats. The siil/atcdmucopolysaccharides of bone ba\e been shown to 
exist in protein comple.xes. The bigbl^’ poljTnerized molecules of 
chondroitin sulfate do not ordinarily move wdth the tissue fluid 
into the blood plasma. 

Based upon determinations of hydroxj’proline, as an index of 
the concentration of collageu, and total hexosamine, as an index 
of the concentration of mucopolysaccharide, it is believed that the 
ratio of mucoprotein to fibrous protein increases with age. Associ- 
ated with these, the ratio of glucosamine to galactosaniine also 
decreases in aging connective tissues; cartilage contains more 
keratosulfate with a^ng. 

The plant proteases — papain, bromelin, and ficin — have been 
useful for the study of ground substance. IMien cnule or inactivat- 
ed papain is injected into a young rabbit the ear cartilages collapse 
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and within a few days rcsynlhesis and tedeposition occur, and the 
rabbit’s ears again become erect. During the phenomenon of col- 
lapse there occurs an uncoupling of chondroilin sulfate from tlie 
protein to whicli it is bound in cartilage and connective tissue. 
This results in complete loss of mctachromasia from the cartilage; 
the metachroniatic material accumulates in the adjacent connec- 
tive tissue, is picked up by the I^Tnphatics, and then appears in 
the blood and urine. Cortisone prevents the reconstitution of 
chondroitin sulfate-protein complex. Similar depletion of basopliilia, 
owing to removal of chondroitin sulfate from grossing cartilage 
or new bone, occurs in vitro when vitamin A is added to culture 
media containing chick embryo limb buds. 

Lathynsm, a syndrome induced in man by diets containing 
large amounts of peas of the genus Lalhyrve, and characterized by 
spastic paraplegia, pain, h^pcstliesia, and paresthesias, has been 
recognized in man for centuries. It occurs sporadically, especially 
in times of famine, in India, North Africa, and Southern Europe. 
No skeletal lesions have been obsci^-cd. A skeletal form of lathyrism 
produced in rats by diets containing sweet peas (Lathynie odoraliu) 
has been studied intensively by Ponseti; the condition as it occurs 
in man and tliat produced in animals appear to be two completely 
different diseases, caused by different species of LathjTus peas; 
that produced in rats has been designated as odoratism, to differ- 
entiate it from human lathyrism. 

Odoratism, as observed in r.ils, is caused by ayninonilrihs; a 
number of such compounds have been found in several varieties of 
sn cct peas; these compounds arc absent from the legumes of common 
consumption as well as from the peas that cause human lathiyism. 
Odoratism in rats is characterized by kyphoscoliosis, exostoses, 
hernias, and lameness of the bind legs, with other skeletal defonni- 
tics. The aminonilriles are tissue specific, affecting mesodermal 
tissues, and appear to have a spedal affinity for the ground sul>- 
stance. Actively growing epiphyseal plates and certain tendon and 
muscle insertions are markedly affected by these compounds. 

The ground substance of bone, as well as of other connective 
tissues, is responsible for certain staining reactions: metachromasia 
and a positive periodic acid-Schiff reaetioJi (PAS). Metachromasia 
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is the phenomenon, dcscriljcd by Khrlich, of llic staining of u'rliiin 
tissue conij)onents in a color diflcrent from that of the <}ye solution 
itself. Thus, when cartilage is staiiietl with toluhline blue, part of 
the tissue displays a reddish color. As clioiidrocylcs mature an<l 
hypertrophy the large iS-mclncliromatic (purple-staining) granules 
•lilTerontialc into small ^-melncliroinatic (pink-staining) granules. 
Metachromasia is Irelicved to 1 m? due to the presence of free clectro- 
negalive .surface charges. The change in tyj>c of melnchromasia of 
the granules reflects an Increase in the niimlwr of free sulfate or 
carboxyl groups in the mucopolysaccharides, with possibly also a 
rcarrangoment of the.se groups. The pound substance of liono 
.stains melncliromatically, but only after decalcificalinn; this reac- 
tion is «ssociate<l with the muco{)olys.soch.'iridc comprmerits, and 
more particularly v,ilh the slate in >\hich they are present. \Yhcn 
dopol.iTnerizallon of cliondroilin .sidfate i.« brought olwiit by the 
action of hyaUirnnulasc, melnehroumsia is lost. 

TIjo Ilofchkm procedure, rewUing in the PAS reaction, consists 
in treatment by periodic acid, foliowc«l by staining \sith fuclisin 
siilfltc (leucofuchsin). The periodic acid ovidires to aldehyde 
groups, « ilii cleavage, adjatenl hydroxyl or hydroxj'l-amino groups 
in cnrlwhydrale Jno)oculc.s. The oolorlc.ss leueofnohsin then forms 
a iMilysulistituled ilye compound svilh the nideyiide group, pale 
pink to i)ijrp)e-rcrl in color. The intensity of the color clei)cnd3 on 
the number of reacting nhlehyife groups fonned by j>eriodic acid 
oxidation. Free ahlehydes do not conlrihulc to the staining re- 
action; simple sugars, being svatcr-soluhlc, also tlo not affect the 
color of the sections. The staining reactions of the ground substance 
aa* referable (1) to the content of insoluble polysaccharides in the 
tissue !in<l (2) to a dinngc in their sLntc. Ground svjbstaiice con- 
taining highly {wliTiieriml mHco|Kily.s«cchari(les stains a [wle junk 
color; this is interpreted to mean that it has refatfvefy few reactive 
groups available for vismiliwilion. Pepolynicri/jtioii leads to an 
increase in color, owing to the release of a greater immlx'r of rc- 
acti^’c groups. 

\Mien these criteria, in part iiasctl on assumptions, are applied 
to the study of l>nne, it is concluded that the ground substance of 
fully-formed bone, being l»arclyslninablc by the PAS reaction, con* 
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tains only highly polymerized mucopolysaccharides. \Mien bone is 
being deposited or resorbed rapidly, the stain becomes more in- 
tense; this indicates a lesser degree of polymerization. In the 
epiphyseal cartilage disk of growing bones of rats, the matrix of 
hyaline cartilage stains a pale pink color. As the zone of provisional 
calcification is approached, the matrix takes on more color; and 
where the cartilage cells are markedly hypertrophied, the matrix 
is stained a brilliant purple-red, persisting when the cartilage is in- 
corporated in the spicules of spongy bone. It has been suggested 
by Gersh that the property of calcifiability is dependent upon the 
state of pol^nnerization or depol3Tnerization of the mucopolj-sac- 
charides of the ground substance; this is an attractive hypothesis, 
but final decision must await further evidence- It is certain that 
calcifiability does not depend solely* upon the content of muco- 
polysaccharides; othertvise hyaline cartilage, being the richest 
source of chondroitin sulfate, should be subject to calcification. 

RETICULIN 

The composition of reticular fibers, present in small quantities 
in the organic matrix of bone, occupies a position intermediate be- 
tween collagen and the mucopolysaccharides of the ground sub- 
stance. Quantitative data are lacking, but reticulin is belie\ed to 
be a glj-coprotein, i.e., a pol^'saccharide in combination with pro- 
tein containing fucose, mannose, and galactose, and possibly hexos- 
amine. The relationship between reticular and collagenous fibers 
is imperfectly understood. The fibers in the skin of newborn rats 
have an affinitj- for silver and are, bj’ definition, reticular fibers. 
Electron microscop}’ of these fibers reveals the periodic cross-band- 
ing characteristic of collagen. IMlh increase in age there is a de- 
crease in the proportion of argyrophilic fibers, without any demon- 
strable difference in structure. Similar observations on reticulin 
from the organic matrix of bone have not been reported. 

WATER OF BOXE 

The water content of bone varies with the species of the animal, 
with age, with the nutritional state of the individual, and with the 
nature of the bone tissue under exanunation. As a representative 
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sLindard for the compact bone of an adult dog, llobinMin lias se- 
lected a figure of 3.08 per cent of water Vy xceighl, with 7£.17 per 
cent of inincml and 21.15 per cent of organio mailer. Owing to the 
differences in density, the corresponding figures, in teniis of the 
volume of the sample of bone, are 8.2 per cent for water, 53.02 per 
cent for mineral, and 38.18 per cent for organic matter. Of the 
\\atcr present, some 10-15 per cent of the total volume is in the 
spaces in the bone occupied by canalicules, haversian canals, ami 
osteocytes; 85-90 per cent is in the organic nialrix, including the 
collagen fibers and ground substance, and in the hydration shells 
of the crj'stals of bone mineral. Drj*ing nt 100® C. removes the 
water of constitution of the collagen and of other organic mailer, 
but not the water of the bone crj'slnls. The water of compact bone 
is so firmly bound that little or none can be removed from finely 
pou’dcred cortical bone by enormous centrifugal forces — force.s 
sufficient to strip all mechamcally held water from the crystals. 

Terhaps the most Important concept concerning the water of 
l)onc Is that while the organic maUer of normal ctmipacl bone ro- 
tnalns relatively constant in relation to volume, calcification of new 
haversian systems occurs by replacement of water l>y crj-stals of 
bone mineral. The space available for mineral is thus the greater 
part of that occupied by water; crj-stallizalion proceeds until there 
is no space left for further expansion. As crystals form and grow in 
a fixed %'olume, by displacement of water, the spaces Ijctnccn the 
ci^-stals become smaller and smaller; eventually a stale of innxiinni. 
diffusion-locked mineralization is acbieitd, owing to inadequate 
space for the diffusion of new ions. 

In spile of the reduction in the ability of ions to diffuse in Ixine, 
incident to maximal mineralization, it has been found that deute- 
rium, when administered in llie form of heavy water, DjO.is able 
to permeate aff areas of fxme, and to cxcfjangc freefy, hut .sfowfy, 
^YiUl the ll'*' of water. There »s thus restricted diffusion of even the 
ion. The .slow nio\-emenl of Ca** into the stable portion of lione, 
which characterizes long-tcnn exchange, must take place in part 
by diffusion, where there is sulficienl space for the ions to move 
between crj-slals, and in part by intracrystallino exchange. The 
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packing of the water spaces with crystals differentiates calcified 
from soft tissues and is doubtless responsible for the relative in- 
accessibility of the bone mineral to ion exchange. 

FLUORESCENCE IN BONE 

Bone salt produces a light-blue fluorescence in ultraviolet light. 
This physical property can be used to detect calcium salt in new 
bone in microscopic quantities. Owing to a complex interaction in 
newl 3 ’ formed bone it is possible to change the fluorescence from 
blue to red, j'ellow, and other colors. In this waj’, new bone can be 
differentiated from older deposits of bone. John Belchier, in 1736, 
reported that madder stained the new bone in the skeletons of birtls 
and pigs fed bran soaked in madder; the color depends on rube- 
rythric acid which yields alizarin on hj'droij’sis. Synthetic alizarin 
is l, 2 -dih 3 'drox 3 'anthraquinone; fluorescent solutions indicate the 
presence of unchanged 2-anthraquinonc sodium sulfonate. Alizarin 
ns well as tetraej dine, chlorletracycline, and oxj'tetracydine have 
been found to fluoresce brightly in the new bone of animals and 
man examined under ultraviolet light. Alizarin Red S fluoresces 
deep red; clilortetracj-cline, orange; and tetracycline, light jellow. 
Quercetin, a flavine derivative, fluoresces an intense golden j-ellow. 
Other substances, e.g., porphyrins, carotinoids, lipofuchsins, and 
oxidized cytochrome, also produce a red or orange fluorescence, but 
appear in soft tissue as well and arc not useful for experimental 
work on bone (see Frontispiece). 
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CHAPTER V 


Ciysfal Stnicture and Chemical 
Composition of Bone Mineral 


Tlie hardness of bone, its outstanding oharaclcristic, results from 
its content of a mineral, deposited in the organic inatrls. The 
mineral, commonly called the bone salt, and the organic matrix, 
together ■nnlh their associated water, make up the interstitial sub- 
stance of bone. The mineral fraction consists mainly of Ca++, 
rOj, 011“, CO”, and citrate, with an inclusion of small amounts 
of other ions, especially Na+, and P“. The crj'stal structure 
and chemical composition of the bone mineral Iiave been under 
investigation for more than one hundred years, and they remain a 
subject of intensive study. 

Certain statements may l>e made about the bone mineral, to 
serve as a guide to itsoomiiosilion, slniclurt, and behavior: (1) the 
crystals are ijltramlcroscopic in size, extremely inimite, and hardly 
more than of colloidal dimensions; (2) the bone salt is not a single, 
lioinogeneous chemical individual; (3) the basic atomic structure 
is well-known, chiefly from X-ray diffraction patterns, and is that 
of nu apatite mineral, protoypes of which are common in nature; 
(4) the chemical composition is not as accurately known, partly 
bcc.nii'«c of its variability and i>arlly because of the difficulty of dlf- 
fcrculialing between (n) the constituents of the basic structure, 
(6) the ions having only a surface relationship to the cry stals, and 
(c) those possibly admixed witli the apatite crystals, in a separate 
phase; (5) the structure and compoation of the mineral correspond 
most closely to that of hydroxyapatite in all vertebrates studied; 
the mineral component, however, includes carbonate and citrate 
in substantial amounts; (6) various substitutions and exchanges of 
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ions occur in the ci^-slal structure; (7) dissolution and reci^'stal- 
lization ma}' occur; (8) the minute crystals and the voids and dis- 
continuites in the mineral expose large surfaces to the fluids of the 
body; (9) the ions held by adsorption or by substitution at these 
surfaces, as well as those incorporated within surface unit cells, 
with unshared sides, have a considerable influence upon the total 
composition of the mineral; (10) the surface ions are subject to 
rapid exchange s\-ith the fluids bathing the crystals; and (II) the 
reacti%*ity of the mineral varies with its age and with its immediate 
environment. 

CRYSTALS OF DONE MINERAL 

The crystals of the mineral of bone have long been known to be 
extremely minute — too small to be seen with the light microscope. 
^^'hile it was first shoivn by X-ray scatter patterns that the crystals 
are of the order of a few hundred A in size, current knoiv ledge of the 
size and shape of the indKidual crystals is dependent mainly on 
electron microscopy. This method has its limitations, but the rc> 
solving power of the electron microscope has been increased, and 
the crystal of bone mineral is within the limits of its resolution. 

Early reports of direct observation of crystal size and sha]>e, by 
means of the electron microscope, described the crystals as minute 
tablets of a few hundred A in length and breadth, and a thickness 
of only 29-50 A; later reports were of rodlets or hexagonal prisms. 
These descriptions were supported by low-angle X-ray scatter pat- 
terns, from which measurements of approximately 200 A in length 
and 75 A in diameter were calculated. Current estimates are in 
good agreement, to the effect that the diameters of rod-like crystals 
range from 25 to 75 A, with an average of 50 A. There have been, 
however, differences in estimates of the dimensions in length. In a 
study of the crystals in the parietal bone of one- to two-week-old 
mice, Jfolnar postufates that the ctystafe are composed of chains 
of microcrystals in an end-to-end relationship from an original 
length of 50 A up to an unlimited length. The rod-like crystals so 
formed frequently extend over several major periods of the collagen 
fibrils; some were traced up to a length of 3,000-4,000 A; all ex- 
hibited sub-units of about 50 A. 



Tnirma! Sfrueiure of Crystals 

On (lie IkisIs of evidence now avail&btc, (lie cr>->taN inay Ik* 
viMialized as roddiko, wUb dminctcra of about 50 A, and of imk- 
Icnninalc oriented in the long axis of the collagen fibrils, 

ami with n sjk-cLiI relnlionship to tbc cros.s*bantling of the fibrils. 
Tlic fKJS'tbility tlial many of the crystals arc prism-like, svtlh the 
.smallest dimension of (be onlor of 20-50 A, is not excludcii; (be 




f'la II. — Fllrctrun mierngranii of a »«r(ionof unilrcalnfxsl lionc. in tlie liiii^axis 
of tfie filjcrs NcrcJfc-sliafK^I cryslab fn llie tame axu spiwar in ttUlinn to t!ic rroM 
htiiib In »i>iiic iiutAncrs llicy rsbnti owr llw inlrr\»b l<t»e«n the cross isind*. 
XffW.OOil. (ftcpmlucxsl liycnortoyof \t.J (•limchcr.A. IIulfa’.Bml F.O.Schnjilt.) 

si?<' and .shnfK* of the crystal have a markcrl influence ujion its 
surface chemis(rj*, upon (bccxchaiigenbilily of its surface ions, ami 
IKissibly uiKiu (be cose ssntli which it goes into solulion (Fig. H). 

INYEK-V.M. frmCcrCTIE OP Crtl'RT.Sb*! 
Much of the prcsonl kmroleslge of the inlemnl slniclure of (be 
micrtxTvslnU of tbe Imne mineral stems from interprelation of (be 
X-my diffraction jiattcrn of the ciystnllites of bone, ns comp-ircd 
«ith fwttems of relalis'ely pure samples of .synthetic or naturally 
iKTurring crystals of minerals of known composition. M’ben a mono- 
chminalic X-ray l>enm is (tasset! through a regukar army of atoQLs, 
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e.g., a crj’slal, a diffraction pattern is produced, related to the 
atoms in the material, and more espedally to their spatial arrange- 
ment. ^Yitil a film near the irradiated sample it is possible to meas- 
ure the angles betneen the incoming X-ray beam and the outgoing 
diffracted beams. Data may thus be obtained concerning the ar- 
rangement of atoms ^^illnn the crj'stal, including the distances be- 
tween the atoms, an<l also concerning the orientation of the crys- 
tals. 

It is firmly cstablishefl that the mineral constitution of bone 
consists chiefly’ of crj-stals of a compound of calcium and phosphate 
with the structure of an apatite. The apatite series contains a num- 
ber of compounds which haw their constituent ions arranged simi- 
larly in a three-dimensional symmetry pattern. The apatites usual- 
ly have: (a) divalent cations (Ca'*^, Sr-*"*-), (ii) tetrahedral 

anionic radicals (POf, SiO"), an<l (e) electronegative anions (Oil", 
F"), all in a hexagonal sj,Tnmctrj' array characteristic of this iso- 
mnrjdious scries. Certain ions can be subslitutetl one for the other, 
e.g., for Ca"*^, F" for OII~, without disturbing the s^Tiiinelry 
of the structure, altliough the distance helnecn ions may cliUDgc, 
owing to the differences in ionic sire. X-ray diffraction teclmiqucs 
can easily detect changes of the order of 0.5 per cent in interatomic 
differences resulting from isomorphous substitution. 

X-ray diffraction, together with chemical analysis, has brought 
about general agreement that the basic .structure of bone mineral 
is sonic form of liyilroxj-aiwtite, of which the prototype is: 

Cam(I’Oi)«(OII)’ (hydroxyapatite). 

It is tlierefore possible to treat the internal .structural character- 
istics of the bone mineral with some degree of certainty; the un- 
certainties in the exact chemical composition will lie treated in a 
later 

UNIT CELL 

The internal structure of the hydroxyapatite crystal is best 
understood in terms of the unit cdl. This is a conceptual configura- 
tion, having no independent existence. It is the smallest ex'presslon 
of tbe ions found in the same raUos and in the same spatial rc- 
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lalioiislilps in winch thej* are present throughout the entire crys- 
Uil. Imaginarj’ lines, connecting the ions, drawn in an arbitrary hut 
regular way, outline the unit cell; when extended through the crys- 
tal structure they result in a three-dimensional lattice — tlie crystal 
laldce. 

The crystal structure of hydroxyapatite ttiay be represented in 
two different ways. In a cross-section of the crystal, perpendicular 
to the Jong axis, it may J>e represented as a series of contiguous 
hexagons (Fig. 12). At each intersection there Isa Ca++ ion, sharer! 
between three Jjexagons, anrl surrounrleil by JXif ions, arrangeil in 



Fjc. 12 — DJagniin of a crosJ-seclionof aerjslaloriwnesnltjtoilliulfntf inleriiat 
struclure Tlie parallclograni^ rr|wrscnt ihe unit celts of OiG crystal, tliose arc con- 
ccptml. miller tlwn structural, umU. since they illustmte only the arrangenicnt of 
cinslituent lonsm «ince. Tlw hemgonsrepfceentahonejcorab-ItXearrangcmcnt of 
ions, oricnlei} u ith the lon^ axis of the ciyxtal. At each iiiterscclion of the liexagons 
Uo Ca*^ ion. Tlie tunnels ate lined with Gi'*^ Ions and packed with PO" ions, with 
a column of Olf'ions In the center. Scale (i mm. = I A). The pamffcf 

sides of the unit ccIU (u-o-xes) are approximaldy 0 43 A in lenflli. 
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a complex pattern. At the center of the hexagon there Is an OH~ 
ion, shared by three Ca++ ions. The two OH' ions of hydroxj-apa- 
tite are superimposed on each other; three of the six Ca-*-*- ions 
forming the hexagon share one 011“ ion; the other three share the 
next. 

The second method represents the unit cells. The points corre- 
sponding to the Oil" ions in a cross-scction of tjjc crj'Slal ma^* he 
connected in a tno-dimensional diagram as a series of dlaniond- 
shajied parallelograms, with angles of 120“ and 60® at the inter- 
sections. When extended in a third dimension, this forms a paral- 
lelepiped, or a six-sided right prism, four of whose faces are rec- 
tangles, witli two faces as parallelograms. Each of these geometric 
figures is, bj convention, a unit cell of the crystal lattice. The 
parallelograms of a unit eel! of hydroxj-apatilc ha\e four equal 
sides, measuring approximately 9.43 A In length, representing the 
a-u\cs of the cells (Fig. 12). The third dimension, ore-axis, measures 
approximately 6.88 A. 

The c-axes of the unit cells arc oriented in the long dimension of 
the crjstal of hydroxyapatite. When a diagram of the lattice of an 
ideal crj’stal is viewed parallel to the c-axis, there are continuous 
columns of calcium and oxygen, arranged at the intersections of 
the hexagons, and columns of OH" ions at the intersections of 
the parallelograms representing the unit cells. From this point of 
view there is a sort of honeycomb arrangement, oriented in the 
long axes of the crystals. The columns of calcium and o.xygen, at 
the intersections of the hexagons, give the form to the honeycomb; 
these columns are surrounded by phosphate, with a column of OH" 
ions in the center of each hexagon. In addition, there is a screws 
axis, running spirally around the columns of OH" ions; Ca'*^ ions, 
in addition to those at the intersections of the hexagons, are sym- 
metckally arranged with respect to this axis, and are also accompa- 
nied by phosphate ions. 

VARIABILITY IN STRUCTURE 

The descriptions just given refer to perfect or ideal crj-stals of 
hj droxj-apatite. The real crystals, as they occur in bone, are neither 
perfect nor ideal. Many discontinuities arc formed within the slruc- 
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ture of a single crj'stal as it grows, and others form with time. At 
the surfaces of the discontinuities, which are irregular ami occur 
at random, impurities may exist; in fact, if such impurities are of 
sufficient inagnilude, they may be the cause of the discontinuity. 
JforcoA'er, substitutions occur in the unit cells; not all unit cells 
are identical in composition or even in structure. 

The crj'stals of the bone salt are only a few unit cells tliick. The 
surface Is therefore large in proportion to the mass, and I gm. of the 
mineral is reported to have a surface area in excess of 100 square 
meters. Calculations from these figures lead to the rather startling 
conclusion that the total surface area of the bone crystals in the 
skeleton of a man weighing 70 kg. exceeds ICO acres! The implica* 
lions of the fact that such a large area is bathed by a few liters of 
body fluid are many. 

Because of the small size and the thinness of the crj'stals, one' 
half to two-thirds of the unit cells are located in the surface, possess 
one or more unshared sides, and are subject to special surface 
conditions. These conditions ha\'C created dliBcultles in character- 
izing the bone mineral and are as yet not fully understood. llTien 
taken into account, it becomes clear that the nature and structure 
of the bone mineral and the dynamics of its beha\nor are largely 
problems in surface chemistry. 

Discontinuities in the bone mineral arc not limited to the interior 
of the cr>'stals; the crj’slals themselves are discrete; the spaces be- 
tween them arc filled with the organic matrix, water, and the solid 
constituents not included in the ci^'slal stmeture. If one considers 
bone from which the organic matter and water have been removed, 
it is as though the bone mineral itself is built up of bricks and 
mortar rather than as a continuous mass of a homogeneous sub- 
stance. It thus resembles a brick wall, rather than a monolith, but 
with a pattern pecufiar to itse/f (Fig. IS). The bticks are the crystals 
of apatite; the mortar consists chicBy of citrate and carbonate, with 
an admixture of other ions. In the firing animal the structure is 
plastic rather than rigid; the organic matrix and the intercellular 
fluid are also in the spaces between the crj-slals; the collagen fibers 
act as reinforcing strands in the loosely assembled intcrcryslairmc 
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portion of the structure. From studies made ^vith the electron 
microscope it is reported that the crystals lie in the ground sub- 
stance, forming a ring-like periodic pattern around the collagen 
fibers. The inten-als between the rings are about 640 A, correspond- 
ing to the inteirals betneen the cross-banding of the fibers; the 



Fig 13. — Electron mlcrograpb of a section of an undecalCTfied hunjan nb, to 
illustrate pattern of arrangement of crystals of bone mineral in relation to collagen 
fibers The unilerl>ing collagen is barely mible, but the crj’staU are easily seen in 
the regularly arranged bands corresponding to the laaln collagen striation. The longi- 
tudinal direction of the fibers is horizontal. (From Rg. 1, Neuman and Neuman, 
Cbem. Eev , B3:i [courtesy of U. A. Ilobiiwon and Jll. L. WatsonJ. KeprixJuml by 
courtesy of the publishers ) 

crystals have a definite relationship to the cross-banding (Fig. IS). 
Some of the mineral is depoated tciffcin the collagen fibers; in this 
location it may be in a non-crystalline slate. Except for these 
spatial arrangements, the relationships between tbe bone mineral 
and the organic matrix are poorly understood. 

It is convenient to consider the structure of tbe bone mineral as 
being ma<le up of a large number of similar, but not identical, com- 
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plexes. These complexes are not solely the crystals of apatite, al- 
though much effort has been cxpcntletl :n attempting to un<lerstand 
the mineral in these terms. Instead, each structural complex may 
be regarded as including interior niut cells wholly within the 
crystals; surface unit cells, sharing some of their sides with interior 
cells; ions bound by surface forces; and a surface hydration shell, 
containing ions in equilibrium both with the surrounding medium 
and ^ith the surfaces. 


CnEMICAL NATURE OP DONE MINERAL 

It has already been noted that the bone salt is not a single, 
homogeneous chemical individual; that the chemical composition is 
not accurately known; that various substitutions and exchanges of 
ions occur in the structure; that dissolution and recrj'stallization 
may occur; and that there are voids and discontinuities in the 
crystals. AH of these factors make for an unsatisfsctoiy situation 
with respect to the chemical characterization of the bone mineral, 
even though its structure, corresponding closely to that of hydroxy- 
apatite, is well established. 

ELEMENTARY ANALYSIS 

Armstrong and Singer have furnished an unpublished summary 
of their analyses of a single sample of dry, fat-free bovine cortical 
iKinc. The standard deviations represent the variations in the 
analyses, and do not refer to variations of composition l)et\\cen 
various samples of bone (Table 1). 

The most important single value in this tabulation, for our pur- 
{wjses, is the molar Ca/P ratio of 1.088; this corresponds ver}’ close- 
ly to the theoretical ratio for hydroxyapatite, of 1.667. lenities for 
another single sample of bone as found by Bngert and Hastings 
differed with the previous treatment of the sample, but were in the 
range of 1.70 to I.SO for untrcatcif bone and bone extracted with 
imtcr or alcohol. After more vigorous treatment to remove the 
organic matter, including ashing at such temperatures as to cause 
little or no loss of carbonate, the range was consistently between 
1.57 and l.Gl.If allowance is made for the Ca++ required to neutral- 
ize the anionic constituents of the mineral, chiefly carl>onate, as 
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Bogert and Hastings and Neuman and Neuman have done, the 
residual molar Ca/P ratio is then approjcimately 1.5, or consider- 
ably less than the theoretical value of 1.67. The bone mineral has 
been compared with similar apatites, synthetically prepared, and 
deficient in divalent cations. The calcuklions of the residual Ca/P 
ratio in bone mineral do not take into account the cations other 
than Ca''^ that are a\ai!able for neutralization of the anionic con- 


TABLE I 


COirPOSITIOV OF DRV, F\T-FREE BOVIN'E CORTICa Bove 


CatioDS 

Calcium 

Alagncsium 

Sodium 

Potassium 

Total 


Anions* 

Phosphorus 


as CO" 
Citric acid 
as Cit ■ 
Chloride 
Fluoride 
Total .. 


mE<} cations 
mEq anions 
mMCa 
mMP • 


P«Ce»r 

47 «4 ±0 0* 
0.436 ±0 009 
0 73I±0 OIS 
0 055±0 0009 


12 47 ±0 019 
9 48 ±0 022 
0 M9i'6 W4 

0 077+6 ooi' 
0 072 ±0 009 


mEq/gm 

13 59 ±0 01 
0 358+0 008 
0.918+0 007 
0 014±0 0002 

14 28 


12 Os’it’o 012 


1 58 ±0 010 


0 1S5±0 0000 
0.022±0 001 

0 037+0 002 
IS 85 

1 031 


stituents; their inclusion in the calculations wxiuld lend to raise 
the Ca/P ratio toward the theoretical value of 1.67. 

There is no doubt about the ability of certain other cations to 
substitute for calcium in the structure of the bone mineral; this 
occurs by isoraorphous substilulioo and has been demonslraled in 
living animals, as well as in sj-ntheUc hj-droxyapatitrs, for stron- 
tium and for lead; radium also substitutes for calcium. Sodium is 
believed to substitute for calcium, as well as the hydronium ion, 
There is no evidence that potassium substitutes for calcium 
in the bone mineral, and the position of the divalent magnesium 
ion, is doubtful; it has been su^sted that the magnesium 
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found in analysis of the mineral constituents of bone may be in the 
form of the complex ion, iMgOH'*'. As to anions, the most common 
substitutionisthatof F" for OH“FJuorapal!tesoccurin nature; the 
occurrence of F“ in the bone mineral represents a contamination. 
There has been no suggestion that citrate, found in the mineral of 
bone in substantial amounts, can be a structural constituent of the 
apatite crystal; the dimensions of the citrate ion, CiUjOf, are too 
large/orisomorphous substitution. Citrate is regarded as a separate 
phase, mitli a special relationship to the surfaces of c^Tstals. 

CARDOXATE OF BOXE 

Carbonate is nnii-ersally present as a constituent of the mineral 
of normal bones and teeth; its position in the mineral is still in 
debate. A carbonate-containing apatite, dablhtc, exists in nature 
and is described as a carbonate hydroxj'apotite. Similarly, franco- 
lite has been characterized as a carbonate fiuorapatite. These hai-e 
attracted attention because of possible analogies between their 
composition and crystal structure and that of bones and teeth. 
Prior to 1937 it was believed that COj could substitute for 3 V~ or 
3 Oil**, thus forming a true carbonate apatite, but this is no longer 
accepted. Instead, there Is now the proposal, advanced and strong^' 
supported by McConnell, that CO* substitutes isomorphically for 
POf in the minerals, francoUle and dahllitc. McConnell concludes 
that dental enamel is composed of a single mineral, carbonate hy- 
droxj-apatite (dahllite), and slates that there is no valid reason for 
supposing that the crystal structure or cij'stal chemistry’ of bone 
Is significantly different. Against this is the view that COj* is 
present in the mineral of bone and teeth only in surface positions, 
where it substitutes for POf; the evidence is summarized by Neu- 
man and Neuman. Both views provide for substitution of CO” for 
POf,’ agreement bss not been readied as to xr}iether this substitu- 
tion occurs n-ithin the lattice structure, on the surfaces, or both. In 
any case, the bone mineral is to be regarded as a substituted hy- 
droxyapatite, with the structural characteristics of the latter. 

IVithout attempting to resolve the differences of opinion con- 
cerning the location of carbonate in relation to the structure of 
hydroxyapatite, it may be said that, in common with certain other 
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minerals, a carbonate bydroxj-apatite does not lend itself to 
stoichiometric formulation, ance CO^ does not substitute for I’Of 
m any fixed proportions, or in any special pattern. Instead, Mc- 
Connell has supplied the following as a type of formula used to 
represent minerals with constituents in varying proportions: 

Caio_JD 2 +,Il 24 .jj(POj)fr_j,(COj)<, (carbonate liydroxj-apalile) , 
which reduces to conventional hydroxj'apatite when x = 0, and 
when X = 1 to the following: 

CasOalfsCPOdifCOs)* (carbonate hydroxyapatite) . 

However, there no evidence that natural subslancc>i ever have x 
as great as 1. 

There has been little evidence to show that random hiibslilulinn 
of CO^ for POf, either within the apatite crystal or on the surface, 
IS of ph.\ siologic importance; this question would assume much sig- 
nificance if it could be shown that the presence of CO" is esscnlinl 
for the mineralization of bone. McConnell and his coworhers !ia\e 
shown tlial a mineral substance similar to that of bone, nnd witli a 
diffraction pattern virtually identical with that of the mineral of 
calcified shark’s cartilage, could be produced m tHro, under the 
conditions of their experiments, only in tlie presence of available 
carbon dioxide. Carbonic anliydrase catalyzes the fonnatlon of this 
mineral an<l is essential to its deposition when the carbon dioxide 
content of the medium is low; inaclh-atioii of the enz^Tne by sul- 
fanilamide presents mineralization under these conditions. Ify- 
droxjapatile, on the other haml, has been produced in cs,senlially 
pure form by others, xxitliout either carbon dioxide or carbonic 
anhydrase. Sobel has shown that the carbonate conlenl of the bone 
mineral depends upon the Ca/P ratio of the scrum, as influcnccil 
by dietary Ca/P ratios and lewis. The skeleton participates in 
buffering the carExinate (bicarbonate) of the blood and tissue fluids; 
whether this depends upon the position of the carbonate ion in the 
bone mineral has not been shown. 

UTDRATED TRlC-XtClUil PIIOSPIIATE 
The formulation of hydroxj’apatite calls for a molar Ca/P ratio 
of 1.C67, as already noted; actual ratios in the bone mineral have 
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Imxmi reported ns Io^\cr, or approximalcly 1.5. This dcvulion frxjin 
the Ujcorctical rnlio is in part resjionsiblc for Dallcmagne’s poslula- 
lion of a hydmted tricaicium phosphate {alpha tricalcium phos- 
phate), instead of hydrov}-ap.alite. Dallcmagnc proposed the formu- 
lation: 

SGi 3 (r 04 )j*nj( 0 II)» (alpha Iricaleium phosphate) . 

In support of this jiroposal, data from ion exchange reactions arc 
rei>orlcd and interpreted to indicate that the compound is unstable; 
that il.s instability is rcspoostblc for its reaclis'ily in the lisdrig 
organism; and that on isolation from its association with the or- 
ganic matrix, it is transformed into the stable hydrox>’apalitc. 
identical with the substance produced by synthesis in vitro. 

Posner has jnodifie<l this %*ie»v by preparing a series of calcinni- 
defieient hydroxj'flpalites, the formulas of which can be written as 
(’ui9-,lI:,(PO<)«(OII)s (calciunwlcficicnl hydroxj’apalile), 

mid hail indicated that Daltemagnc’s concept of alpha tricaleium 
phos]>lmlc is n special case of the calcium-dcficient hydroxy- 
apatites, Posner also docs not accept an allemalive proposal for 
ONleium-defieicnt hydroxyapatites, i.c., that the hydroniuni ion, 
^JO^ aubsUlules for Ca"*^; he proposes instead that hyilrogen 
Ixmding, and not Iiydroniutn ions, is responsible for maintaining 
iicutr.ality in low calcium hydroxj'apatiles. Tiie substitution of 
other cations for c.g., Na*, also contributes to n low Cii/P 
ratio; adsorjition of llPOr on the cij'slnl surfaces, another possj- 
liilily, is not now often referred to. 

BCXIMAHY 

The most widely-held view of the crj'stal slmclura and chemical 
comjwsllioii of the lionc mineral is that it is basically hy<lro\y- 
npalite, j.c., Caja(I’0<)<(011).. aUboogb ccrUiin deviations from 
this view are also currently accepted, as noted in the introduction 
to this chapter. As attested by the dissenting \new3 here recorded, 
it is clear that its subject mailer is still in a fluid slate and that no 
final statement can be made on Uic topics treated. This is a field 
which is still being inlensiN-ely cultivated, and it may l>e hopetl that 
the next few years will bring additioDal clarification. 
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Dynamics of Bone Mineral 

The preceding chapter has dealt \ritli the crystal structure and 
chemical composition of the bone mineral, largely in static terms. 
This chapter will be concerned with its dynamics, including such 
topics as nucleation, crj-stal formation, crj’slal growth, solubility, 
and reactivity. The subject matter of this chapter, as well as that 
of the former chapter, is treated at length in a monograph, 37fe 
Chemical Dynamics of Bone ^fineral, by Xcuman and Xciiman, 
published in 1938 (The University of Chicago Press), which in- 
cludes analysis of the c%ndencc for many of the Wews here presented 
in a more condensed form. Study of the d^\namics of the bone 
mineral has been mainly coocemed with calcification, including 
nucleation and crystal growth. In recent years, much allcnlion has 
also been given to the reactivity of the mineral, and more especially 
to the transfer of ions between bone and blood. 

SOLVmUTT IIELATIOSSUIFS 

That the bone salt is difEcuIlly soluble is of far-reaching physio- 
logic significance. This properly not only delerniines the deposition 
of the bone mineral; it prcseiwcs the structure and the rigiilily of 
the bones. Moreover, it is of first importance in maintaining the 
balance of minerals between tlie skeleton and the fluids of the 
body. 

The adult organism as a whole is normally in appro.virnale cal- 
cium balance, i.e., the output of calcium is equal to the intake. 
There is a constant turnover of the bone mineral; and since the 
bones account for by far the greater part of the bo«ly's store of 
calcium, an over-all calcium balance means that the rates of dep- 
osition and of solution of the bone mineral are also in Inkinee. 
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This is tnje even though rieposition fli)d solution of the minora! 
maj' occur at different rates in different parts of the skeleton at the 
same time. 

It is desirable to revieiv here the concept of the solubility {»r«*<hict 
constant. An ton prorfurf is the product of the molar concentrations 
of ions in solution, relevant lo the salt under consideration. The 
law of mass ariJnn requires that irhen an ion is present in the 
formula of a salt in numbers greater than one, its molar concentra- 
tion in the ion product must be raised to the jtower corrcsjMmding 
to the nutnlxT of ions in the fomtuha. Tltc ion product of CallPOi is 

[Ca^l X IIIPO7) . 

while the ion product of Caj(rO<)i is 

tCa^j>xiro?)*. 

In these c\pressiotis (he brackets, { 1 , are used to indicate concettlro’ 
itotts in mols per liter. Application of the Dcbye-lIUcVcl theory of 
inlerionic attraction would require that these eoncentnitions be 
corrected by acficity coe^etenis; the physicochemical activity of 
ions is decrensctl as the lonfc strength of the solution is increased. 
The development of the subject of ion products nilhoul these cor- 
rections IS admittedly an oversimplification; since activity coef- 
ficients remain constant at constant ionic strength, it is justifiable 
to omit them for purposes of comparison, when body fluids of ap- 
p^n^^matoly constant ionic strength arc under consideration. 

A sohibUily product constant is the ion product at conecnlralions 
of the ions at n Inch the rates of solution and of precipitation of the 
'mil are equal. The solubiiity product constant thus defines the 
conditions present at equilibrium; these are identical with those in 
a saturated .solution containing the ions of a diffiniltly soluble sail. 

Numerous affempfs have fjcco niarfe <0 tfeiTnc the solubility 0/ 
the lx)nc salt in simple physicochemical terms, ic., by the deter- 
mination of a solubility protlucl constant. These have not Ixvn siic- 
cc.ssful, for several reasons. First, the concept of sohihility product 
is meaningless uilhoul reference to a known and homogeneous 
solid phase. The l»onc mincra! does not nn'ct the-o rcquimiinils. 
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Second, equilibrium between the solid and liquid phases of liydroxv- 
apatite is attained in vitro only wry slowly and with great ilifTi- 
culty. Moreover, the results of equilibration may differ, ncconling 
to whether the state of saturation is approached from sin)crs:itura- 
tion or from undersaturation. A part of this difficult 3 ’ stems from 
the fact that the solid phase of the mineral maj' adsorb ions from 
solution. Third, the solid phase may undergo changes in composi- 
tion during equilibration. Fourth, the relations between the bone 
mineral and the fluids bathing it arc influenced bj’ certain biologic 
factors, such as the stale of activity of the parathyroid glands. 

Levinskas has made a careful and detailed study of the snlul)ility 
of a synthetic hj’droxyapatite, under widely varj-ing conditions. 
The reproducibility of the results and the agreement of findings, 
when undersaturated and supersaturated solutions were employed 
initially, support the belief Ibat equilibrium was attained. Kvoii 
under the rigorously controlled conditions of the e.\perimcnls, how- 
ever, the constant, welUcharacterized solid phase cmploj-od did not 
permit determination of a solubility product constant. It was con- 
cluded that it is impossible to determine a K.p for such examples 
of the apatite lattice in aqueous sj'stems. The factors entering inlo 
this situation are reviewed in detail by Neuman and Neuman, who 
conclude that the blood serum is supersaturated with respect to 
bone mineral, but below the point of spontaneous precipitation. 

Earlier, Logan and Taj-lor brought bone powder to equilibrium 
with solutions containing calcium and phosphate, and they ex- 
pressed the conditions at equilibrium as an ion product, w liich Ihov’ 
regarded as a solubilitj- product constant, as follows: 

ICa++]» X IPOfl* - K.pc.,tro.>, 

—log K = pK,pCw(pooj = 23.1 ± 0.4 . 

Although, for reasons as stated abow, their formulation cannot 1)C 
accepted as defining the solubility of the bone salt, it Is still of inter- 
est and empirical value. They approached equilibrium from Iwth 
supersaturation and undersaturalion; moreover, the^* reduced the 
quantitj’ of the solid phase to the vanishing point, thus minimizing 
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ajl>orplion. ^Ye arc retaining tlieir vaJuca for coinparis^^in «ilh tv 
siiUs obtained ^^ith a biologic cn<I*po1nt. 

More reccnll.v, MacGregor and Xordin have carried out equi- 
libration studies with human bone powder, comparable to tliose of 
I/)gnn and Taylor, but using different methods. In the pll range of 
0.58-7.8 they obtained a relatively consUnt ion product {Ca+^P X 
[POjj* nlielher equilibrium was approached from supcr-salumlion 
or undcrsalumtiori. The arithmetic mean product oh«er\'c<I \yns 
t.l X 10””, corresponding, in the terms of Logan nml Tsjlor. to 
pK “ 20.39. This figure approximates that ohtalnrtl b.v I/igan stiul 
Taylor nhen they used a high solid, 'solution ratio, and was n*- 
duecd by them lo 9^1.1 when they eliminated the influence of ad- 
sorption by usi«ig verj- smalt quantities of the solid phase. Sinee tlie 
figure obLnined by MacGregor and Xordin corresponiU to t)»e ion 
product in nonnal tissue fluids nt pff 6-8, lliey suggest that (his 
way lie the pII at the surface of the Imne winerol. Tins subject «s 
gi\en further consideration in conneetion with the surface chem- 
istry of the mineral. 

moUXUC SOLUltlUTV 

Much of the difiicuUy in cxi>res.sing the conditions for rryslnHi«i- 
(lon of the lionc sail in [ih^.sioochemtcal tenns lias liocm due to the 
nniuircnieiil of attaining eejuiUhrium l>clwM-n the liejuid and the 
solid fdtast-x and of determining tvlien this cnd*;>oinl has lieen 
reached. To avoid the necessity of cc|uilibrium, the tsmecpl of 6io- 
li>Qic .toiuhUUy, with the use of a biologic emJ-|)oinl. was inlroilnced 
some years ago. Such an end-point, in onler lo be meaningful, may 
lie <lcscril>ed in terms of an ion product. It therefore has the char- 
neteristies of a solubility product constant, svith the cvcfptirm that 
tlie eriterion for arriving at the constant is the pbenomcnon of 
calcification itself. The limit of biologic solubility is the minlmiitri 
ion pitxUicl at which calcification will occur. 

If young growing rats arc f«l diets deficient in pbosjdiatc and in 
vilnmin I), the liones continue lo grow, but calcification ceases. 
There follows an overgrowth of cartilage, accompanied by the aji- 
jicarancr of uncalcifieil bone matrix — the osteoid tissue. Tliis condi- 
tion, cbaraclcrizcd by a failure of calcification to beep j>.scc with 
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growth, is rickets. If the defideacics in the diet are corrected, calci- 
fication begins again, both in the cartilage matrix and in llie osteoid 
tissue. This occurs also in cartilage matrix in vitro wlien slices of 
rachitic cartilage are incubated under favorable conditions, and 
both the locus of calcification and the product obtained are compa- 
rable to those obsen-ed in the lidng animal. Mostof our information 
concerning the dynamics of caldfication is based on in vitro 
studies, but enough obser\'ations have been made in vivo, both in 
rachitic children and in experimental animals, to make it appear 
that the results obtained m vitro are applicable to the living 
organism. Calcification of the cartilage matrix in vitro has Ijccn used 
as the end-point for biologic solubility. 

C-ILCIFICATION’: llUSIOnAL CO.SDITIO.VS 

Calcification, in the systems nilh ^hich this book is concerned, 
IS essentially the deposition, within a soft organic inalriv, of o diffi- 
cultly soluble compound of caldum, resembling the hydroxyapatite 
described in the foregoing chapter. For calcification to occur, 
certain fundamental conditions must be present. These divide 
themselves naturally into (I) humoral and (3) local conditions. The 
humoral conditions embrace the supply and transport of the min- 
erals nccessar}' to calcification and their <leliven' to the locus of 
calcification in the concentrations required. The local conditions 
include whatever it is that differentiates a calcifiable from a non- 
calcifiable tissue. This is at times referred to as the local factor. 
Since, however, several interrelated factors, enzymatic and noii- 
enzjTnatic, appear to be inx'ohed, it will be convenient to refer to 
these collectively as the local mechanism. In considering the 
humoral conditions for calrification, it is apparent that in .spite of 
the difficulties in defining the solubility relationships of the Iwne 
its deposition and iU nmuteuauce in the solid stale ilciiend 
primarily upon its solubility. 

Howland and Kramer, in 1923, in the absence of any method for 
determining either calcium or pliosphate ion concentrations In the 
plasma, introduced a simple empirical product. Total Calcium 
times Total Phosphate, and found that the presence or absence of 
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rickets in infants conkl ix> correlated tvitlj this proiluct. r'urllicr re- 
fincment of tlin fonmilalion Ims since l»ccn fKissiblc, an«l it has now 
n sound, aUfiotipii incomplete, basis. 

Of the 1-2 mM per liter of phosphorus in the plasma, ns incif 
fptnic phosphate, approximately 85 |»er cent is in the form of the 
divalent ion III’O", while 15 per cent is IljPOr and only 0.0035 
IK*r cent is present as PO^. Cn"^ nnd Ill^Op m.s5' combine in a 
one-lo^ne ratio, and liotli are present in tlic fluids of the body in 
apprctishle concentrations. For these reasons it .should not occasion 
surprise that since the publications of Howland and bis associates 
the findings )i.avo been more consistently related to the ion prmluel 
(Ca^l X ([fl’Orl than to any other combination. 

In view of these ronsiderations, the concept of hiolopie .soluhihiy 
has been matlc use of in an attempt to detennine whcliier the ion 
product of ranr 04 or that of (^j(l^<)ii^ critical forcnlcifiratinn. 
The results arc presented, with the rcscn'ation that tlic Iheorcticnl 
significance of the ion pnKliicl X IPO?)* is not cstabl»«)icd. 

Over a wi«lc range of U"* conecntralion. pH C.0'8.5. and of total 
pbospbnlc concentration, 3-80 mM })cr liter, and with the Ca'*^ 
coiicentratioJi kept constant, the miniimnn ion products at whieh 
cnlcificalton occurred in rachitic lx>ne slices were delcnnined. These 
jtoints were plotted against total phosphate concvnlmtions and pll 
(Fig- 11)- On the s.anie plot were drawn curves representing 
pK.pojiro* “ •’5-1”, and pK,pCM<po.s “ -3.1, at v.arj-irrg cortcen- 
Iralions of phosphate and varj’ing pH. On the neid side of jitl 7.3, 
the jKiints at which calcification just occumtl followed the curve 
for the ion prothict X (IT)?!*, while on the nlkaline shIc. tlie 

I»ointsc«incHlcdclo>cly nilhlhectinTfor Iheion prodnel X 

inm;!. 

Tlie .signific?incc of the re-»iUs on the acid siile of jdl is not 
clear, p.nrt !y liccause of the iinevrtnintics concerning the ion pnnhu’f 
ICn'^+J* X 11*0?]% In addition, the ionic stnmglh of the johilions 
increases niphUy with incrcaM.*s in concentration of total phosjihafe. 
This has the cITerl of decreasing the activity rocflicicnts of l*fjlh 
and IX)5*; ami if the pivi*cr corrections could l*e m-ide, this 
might have the cITfct of hringing the s'xjierimcntnlly determined 
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points close to the cun-e reptesenling pK„Mfo.. In sjulc ot II, i, 
uncertainty, the points are of interest hecause ot their internal 
consistency. 

On the alkaline side of pll 7.3 it appears that the ion product for 
CaHP04 is critical for calcification and that the end-result is hut 
little affected by an increase in alkalinity from pH 7.3 to pH 8.5. 
The fact that increasing the alkalinity of the medium over this wide 



Fig 14 — Eelationslilp of calcinm and phoapKite concenlratloin aiul of i<m 
products to ca]ci5cation ofiaduflccaxtilage in vitro. ToUil calcium 0.5 mM/ 

liter; pH and total phosphorus varied. lines representing ion products drawn from 
pKs p CiHPOi = 5.47 (Shear and Knmer); pliip.Cii(PO«)i = 93.1 (I»gan and 
Taj lor): + indicates minimuca ion products at which calcification occurrcil. Xote 
that calcification above 7.8 is correlated srith solubilltj- product constant for 
CallPOi; below pll 7.3 with solubility product constant for Cai{P0i)j. (From Fig. 
3, McLean, Lipton, Bloom, and Barron, Tt. Conf . Metab Aspects Convalescence. 
14:33. Reproduced by courtesy of the publishers ) 
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range does not Increase its ability to c-alcify nicliitlc cartilage 
matrix is conclusive evidence Uiat llic ion product of Caj(PO0j docs 
not play a decisive part in initialing and effecting calcificjitlon. 
Such a cliange in hydrogen ion concentration increases the TOj* 
roncenlration by a factor of 10, but joercasos the llTOr concen- 
tration hy a factor of only 1.1. At any point in tins range of iiydro- 
gen ion concentration small amounts of added phosphate will lead 
to calcification, Indicating that tlic pll itself is not critical. Those 
observations are not compatible with the belief that the I’Of con- 
centration, or any ion product incorporalingit, is critical for calcifi- 
cation. Tliey are consistent with the vriew that the ion product 
(Ca‘^) X (IlPOr) is determining factor. 

Neuman and Neuman haw shown that the serum of normal 
adults, while supersaturated or mctaslablc with rcsiwct to the 
mineral of bone, is undcrsaluraled with respect to CnllPOj. Their 
view is that the solubility product constant for this salt defines an 
upper solubility limit for calcium and phosphate ions in solution. 
Deposition of the bone salt, by crj'stal growth, can and docs oeair 
at lower ion products; the rateot crj'stal growth dcj)cnd.s ujmn col- 
lision freriueney and is more rapid as the concentrations of the ions 
increase. Tlie ion product is im))ortanl in tiefining the comliliojiH 
under which calcification will occur; it also has a direct l>onring on 
the dynamics of the process. Moreover, since the projwrlions of 
Ca'^ and of nP 07 to the total Ca and loUl P are relatively con- 
stant, Hon land and Kramer’s empirical formulation, Ca X P. is as 
reliable ns is llic ion product itself, or as the product of the netivi- 
ties of the ions. 

The definiUon of an upper solubility limit for calcium and phos- 
phate ions in the blood, without requiring that this limit be reached 
for defKisilton of the Iwnc salt lo occur, may explain a finding that 
has purxled investigators for some years. It is well known that tlic 
phosphate concentration i» the serum of adult man is about half 
that of liie infant; yet new bone formation occurs in both. The 
higher ion jiroducl in the infant makes for more rajud calcification; 
the lower ion pro<l«ct In the adult does not exclude calcification, 
allwil at a lower nite. There is still no explanation for the ohscr%'a- 
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tion that, while in the rachitic infant the phosphate concentration 
in the serum is at the level normal for the adult, calcification ceases 
in the infant while it continues in the adult. 

calcification: local SIECHANISit 
A complex mechanism, including both enzjTnatic and non- 
enzjTnatic factors, brings about calcification, under fa^-orahle 
humoral conditions, by transforming ions in solution in the fluids of 
the body to the crystalline stale in calcifiable tissues. 

^\^lat we call the local mechanism was first described by Ilobison 
in 1930, in recognition of the inadequacy of his phosphatase hypoth- 
esis as set forth in 1923. He characterized it as favoring deposition 
of the bone salt from supersaturated solutions. The mechanism was 
weakened, but not destroyed, by cyanide, by treatment of the hy- 
pertrophic cartilage with various solvents, or by desiccation. It was 
suggested that this mechanism is bound up with some labile struc- 
ture of the tissue colloids but that it docs not depend for its func- 
tioning on the living cell. Robison left the nature of the mechanism 
in an unsatisfactory state but adhered to the view that it is enzy- 
matic in character This conclusion was strengthened by obsena- 
tion of the inhibitory effects of iodoacetate and sodium fluoride on 
calcification of cartilage matrix in vitro. Robison stated, however, 
in 1934 that the conception of the local mechanism ns an enziine 
system did not preclude the possibility that factors of a different 
type, such as surface forces in the colloidal matrix, might also assist 
in the deposition of caldum salts. 

At a later date, it was shown by others that cartilage matrix may 
retain the property of calcifiability in viiro after all cnzjTnes have 
been inactivated, although there are quantitative differences in the 
response to the conditionsm the solutions in which they are placed. 
Tliese differences may be due cither to the absence of enzj-mes or to 
the effects of the methods used to destroy the enzimics upon the 
non-enzjTnatic components of the local mechanism. The local 
mechanism, or portions of it sufficient to bring about character- 
istic calcification, will survive temperatures to 100® C., and will 
operate over a range in hydrogen ion concentration of at least pTI 
6.0-8.5, and is thus remarkably stable. 
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FurUier evidence of the stability of the local mechanism is de- 
rived from experiments in which calcification was produced in n'fro, 
and the cartilage slices then decnldfied in ncelalc buffer at pll 
5.03-5.70. again incubated in a calcifying solution, extensive 
calcification followed in evcjy slice, ^foreovcr, slices of cartilage 
nseptically removed and stored on moist ganr-c in a sterile Petri 
dish retained their ability to calcify for as long as ten days after 
removal from the animals. 

In the present state of knowledge the property of calcifiability 
cannot be attributed to any single factor. Instead, it is necessary to 
postulate a local mechanism, including both physical and chemical 
components, all of which act together in the living organimi to 
bring about calcification; the properly uhich wc descrilie ns calci- 
fiabilfty is identical with that responsible for nucfcation or crj'stal 
seeding. 

NUCLEATJO.V 

Given a calcifinble tissue and Immoral conditions favorable (or 
calcification, something must occur to iniliaio the process. The 
chemist initiates crystallization of a salt by seeding a supersatu- 
rated solution. Precipitation and crystal formation follow, ordinari- 
ly to the point of equilibrium between the solid and the liquid 
phases. Wiile there is much empirical information on how to 
produce nuclei, there is no salisfactoiy physicochemical thcorj- of 
nucleation of a solid from a solution. AVe shall not attempt to deal 
with the nucleation of mineralization in bone and cartilage m 
physicoohcmic.'il terms but will confine ourselves to a more gcnenil 
consideration of the available evidence. 

First, it should be cle.ar that two sets of conditions, of greater or 
lesser complexity, must be present in order to initiate calcification; 
wc have called these the Autnorof conditions and the local mecha- 
nism. To define the humoral conditions more precisely, it may lie 
said lliat the chief constituent ions of the bone mineral, calcium 
and phosphate, must l>e present in the medium from which mineral 
is to be ilcpositod in such concentrations and such pniportions ns 
to create a condition of melaslaWlity; this is true whether miclcii- 
Uon in effro or in nro is under consideration. Such n condition of 
melaslability, according to Xcuman and Neuman, exists jn the 
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blood plasma and is defined by them as a state of supersaturalion 
with respect to the bone mineral, falling short of the degree of 
supersaturation required for spontaneous precipitation. A strictlr 
quantitative description of this state, including its upper and lower 
limits, docs not as yet exist. 

Second, we have staled above that the property nhich we de- 
scribe as calcifiability in a tissue is identical with that rcs|)onsible 
for nueJeation or er^’sfaj seeding; ne have called this property, 
^\hich has a high degree of complexity, the local meehanism. Jhicli 
of the current effort in Ibc study of the phenomenon of calcification 
is directed toward unraveling the essential features of this mecha- 
nisni, uhose primary function is that of nueJeation of crystal 
formation. Wc are here concerned with the intimate details of the 
local mechanism, rather than with any further exploration of the 
properly of metastabilitj' m a medium containing calcium and 
phospha tc. 

There is now general agFccmeiit that the collagen fibers of bone 
and cartilage have a dominant part in nnclcation; the differences 
III the concepts advance<l ha^c to do mainly with the other factors 
concerned. The role of collagen is under intensive iincstigation by 
Glimcher and his collaborators, chiefly by in ttfro studies. Tliey 
reganl collagen as a cataijst for the nucleation of apatite crj.stals 
and attribute tins effect to the macromolecular aggregation stale 
of fJjc collagen fibrils. EYpcrimenlall^-, they have demonstrated 
that native tjpe (G40-700 A axial repeat) reconstituted collagen 
fibnU from normally’ uncalcificd tissues, such as rat-tail tendon, calf 
skin, and fish swim bladder, are able to nucleate apatite crystals 
from melastable solutions of caldum and phosphate. Efforts to 
«Iissolve and reconstitute collagen from bone ha^•e not been success- 
ful. They propose the hypothesis that the juxtaposition of certain 
reactive groups in the coffagen fibrils creates highly specific regions 
w hich act as sites for nucleation; their further studies are largely con- 
cerned with elucidation of the predse conditions required (Fig. 13). 

The significance of these findings in relation to caldfication of 
bone matrix in riro is not entirely clear, even though the appear- 
ance of beginning mineralization in vUro is morphologically drlu.!!- 


68 



NucJeation 


ly idenliciil wUli sliglitJy mincralbcd collagen /llx-rs from forming 
bone. Since tlie in ciYro eKpcrimcnls haw been perfonned with col- 
lagen from tissues that <lo not normally calcify, and since a very 
large proportion of the collagen in the animal body is not subject to 
calcification, it must be assumctl tlial other factors, ns yet not 
fully understood, are opewtive in differeniiating calcifiable frfjju 
non-calcifiable tissues. GHinther suggests tiiat luineralizalioTi, like 



I'la. 15. — UnsUlnnl, iinstudo^rii cleclron mtcrogropli of nn early iilafe’c of tri 
nlm ralciilcatuin of rcconsUtulftt tolbgen fibnli Note [lerioalir loratinn of jimiill, 
ilfnsc jnorpinle crystal'*, belli longitudinally atul laterally. Xf'tt.CW (From original 
of Fig. li, Glimcher, in Cakiriealion In bioloBscal aj'slcins IWasliinglon, 1) C.: 
ATicrican Am iciallon tor llic .tdvanecmmt ot Swnce, ll*r,nl, p. ltd. JUproiluctsl 
by courti*sy of the jmblishcr.) 
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other functions of such \’ital importance to the organism, is under 
the control of many factors, deb'cateiy balanced to provide biologic 
and cellular regulation of the physicochemical mechanism that 
initiates crystallization. 

The native collagen-rich tissues, such as rat-tail tendon and calf 
skin, which supplied much of the collagen used in the in vitro in- 
vestigation of nucloation, failed to mineralize under conditions 
identical with those used in testing reconstituted collagen fibrils; 
these tissues did calcify after extraction of the components of the 
ground substance. From this, it has been inferred that the ground 
substance, in vivo, may exert a regulatory effect upon nuclealion. 
At times it may shield the reactive sites in the collagen fibrils, 
and at times it may, by rapid depolymerization, release Ca"*^, 
promoting nucleation. Thus the ground substance, as veil as col- 
lagen, may well be implicated in nucleation. 

Sobel and his collaborators have studied the possible role of the 
mucopolysaccharides of the ground substance in calcification. They 
accept the evidence that collagen induces nucleation but suggest 
that the complete system is more complex, and probably includes: 
(2) a specific form of acid-insoluble collagen; (S) sulfated muco- 
polj saccharide or mucoprolein; (3) enzyme systems sucli as 
gl^ colytic or citric acid cycles; (4) energj' sources such as adenosine 
triphosphate or uridine triphosphate; and (5) a system concentrat- 
ing calcium and phosphate ions. They visualize the actU’e nucleat- 
ing center as a site or adjacent sites, between the protofibrils of 
collagen, capturing a cluster of calcium and phosphate ions; the 
active center operates via a lock-and-key mechanism and is specif- 
ic for conversion of the captured cluster of ions to a nucleus. These 
conclusions are based on experimental evidence obtained from 
in vitro studies. 

Still another approach to a possible inhibitor of nuefeation is 
that of Neuman and his collaborators. Disturbed by the lack of a 
function to be provided by alkaline phosphatase, Neuman sug- 
gested some years ago that the enzyme might function not to supply 
products but rather to destroy a substance inhibitory to crystalliza- 
tion. Fleisch and Neuman ha\’e recently reported that ultrafiltrates 
from dog, beef, and human serum do, in fact, interfere with 
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nuclcation and that incubalion of dog scrum with pliosphalasc re- 
moved this jnbibitorj' action. 

It is apparent from the abo^x that the phenomenon of nuclcation 
of mineralization in bone and cartilage has not ^-et been fully and 
satisfactorily explained. It is encouraging to note, however, tliat 
much effort is being expendcti on Ibis problem, with etpcricnced 
investigators making use of the tools and concepts of modern 
physics and chemislij’. 

CRTSTAL CnOWTff 

^Yitll the widespread acceptance of the principle of nuclcation of 
mincralitalion by collagen, with whicli are associated oilier, ns yet 
ill-defined factors, there remain many details to be elaborated. We 
has'C considered what is known of nuclcation, by whicli is meant 
formation of the initial fragments of the solid phase ; following this, 
there is crj'stnl growth until the crj'stah attain their full size. 

A common misconception is to regard the formulation lor hy- 
droxyapatite as the formula of a molecule; and, nith this, it ts fre- 
quently assumed that formation of Ibe solid phase requires simul- 
taneous collision of the eighteen Ions in the diagrammatic represen- 
tation of a unit cell. The formulation of hydrotyapalite, or of the 
related hone mineral, however, represents only the raliM of all of 
the constituent ions of the solid phase in terms of smallest wliole 
numbers; the unit cell describes only the arrangement of these ions 
in space. In the actual crj-stal both the the ions an«l the unit cells 
are repealed by the thous.ands or millions, in the spatial configura- 
lion characteristic for the particular cell; to imply formation of a 
unit cell as a fully formed unit of .structure is an error in inlcrpreta- 
Iton of the terms used. 

Another misconception, related to Ibis, is identification of jire- 
cipitalion ssith erj'stal formation. Prectpitatlon implies fornialrori 
of a solid phase from a solution, gcncraliy in aggregates of mole- 
cules, but without the ortleriy array of ionsas-sodaled with crystal 
structure. Crj'stal formation, on the other hand, emphasizes the 
inlernalstructurcof the cr;j'slal; attainment of lids structure occurs 
by step-wise addition of ions to the nucleus Ijoing transfomieil into 
the final fonn and size of the irryslal. Formation of bone mineral is 
properly to be regarded ns crj'stal formation, in close relation to an 
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organic matrix, ratlier than as simple precipitation within the 
matrix. 

The internal structure of the crystals of bone mineral is deter- 
mined by interionic forces, resulting in an array of ions character- 
istic for each particular mineral; it is not necessarj’ to postulate a 
pattern or template which might pack each ion in its special loca- 
tion during the nuelealion and subsequent growth of a crjstal. 
Orienlation of the crystals, with their long dimensions in the axis of 
the collagen fibers, with a co-oriented X-ray diffraction pattern of 
apatite and collagen, does, however, suggest a mechanism for the 
packing of the crystals. Such orientation is especially prominent in 
native bone but is not demonstrable when reconstituted collagen 
IS caJdfiei] jn vifi-o. Neuman has suggested that the orientation of 
hjdroxyapntilc crystals can be influenced by epitaxy, deflned ns 
crystalline intergrowth or oriented ovcrgroi\ih, and he slates that 
the weight of evidence is that collagen, itself a crystalline substance, 
can produce such an epitactic growth and orientation of the 
crystals. Observers arc agreed that in the remineralizatlou of de- 
mineralized bone the orienlation of the crystals of mineral to col- 
lagen fibers resembles that in native bone. 

CRYSTAL INTERIOR 

The situation in the interior of the crystals of bone mineral is 
that the exact composition depends upon the conditions in the fluid 
from which they arc tlerived, and that, once formed, substitutions 
and exchanges in the atomic structure are not readily brought 
about. Such substitutions and exchanges, however, do occur, and 
tlicre is continuous, although slow, movement of ions from the 
exchangeable to the non-cxchangcable fractions of the mineral. It 
has been shown, for example, that following administration of Ca^ 
to rats, the greater jiarl of that retained in the skeleton is trans- 
ferred, within a few weeks, to the non-exchangeable bone. For the 
movement of ions to the interiors of crj-stals, three mechanisms 
have been proposed; (1) recrystallization, in the classical sense, re- 
quiring dissolution and reformation of crystals, with incorporation 
of ions not previously within the crystal structure; (2) thermal dif- 
fusion or thermal vibration, analogous to the process by which 
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inovcmont occurs wllhin Iheslruclurc of other solids; jiiid (IJ) inlra> 
crystiilliiic ewhangc, comparaWe to the exchange of surface ions 
but occurring at n much slower rale. It is assumed Ibal, for com- 
plete or partial solution of crystals to occjir. medmUon of a biologic 
nature, svich as by the local effect of an osteoclast, may intervene. 
Simple solution of apatite crystals in the fluids of the body, exwpt 
jwrbaps for very thin or partial crystals on tbe surface, sbonid be 
tlie exception rather than the rule. 

StrUFACE CIIE.MtSTKV 

Tbe situation on the surfaces of the crystals is quite different 
from that in their interiors. Ca+^, POf, COr. and 011“ ions are ex- 
posed to tbe hydration shell an<l to the surrounding l>ody fluids; 
ion exchange takes place readily, this being cspcciall.v true in the 
more uccesMhle and more teaeUxt portions of the bone, i.e., the 
metabolic Ijonc In the new and partially mincrali/cd osteons. Here, 
the surfaces of the crystals arc in contact with an aqueous medium 
in which they have a finite solubility. They are subject to constant 
ion exchange, as well as to other surface phenomcua, ami must bo 
oo»sidofe<l as a x-cry <lynamic system, xx-ilh a labile structure. The 
surfaces arc in equiUhrium xvith their immediate enx’ironmcnl; any 
attempt to <!cseril>e them in sialic terms xvill lend to false impres- 
sions. 

While this statement is generally acceptable xx’ith reference to 
the immediate cnx'ironmcnt of crj’stals, i.c., t!ic extracellular fluid 
in direct contact xx’itb their surfaces, there arc recurring .siiggi''ilious 
that the blood plasma and cx’cn the bulk of cxlrnvnscul.ir fluids arc 
not represcnlalix-e of equilibrium xviUi the crystals of bone iniHcrnh 
Instead, lliorc is postulated a gradient, or cx'en a piiysical barrier, 
which maintains a diffcrenlw! belxxrcn the pll at tlic surface of the 
cjysfaJ and that in the circulating fluids; the nature of such a liyjw- 
Ihctical barrier or gradient has not l)ecn elucidated. Nordin popu- 
lates a hydrogen ion concentration corrcsjKjnding to pll G.8 at the 
siiffnco of the crj'stals; Neuman stales that the pll in the iimuedialc 
environment of Hie crystals must be loxxcr than G.8 ami lichexcs 
lliat the gradient between this and the hydrogen ion conwnlratlon 
in the circulating fluids in the liotly is tnatnlaincd by tbe pmdijcUoii 
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of acid by tlic colls of iKme. Nichols also supports the concept that 
the concentrations of esddum and pbospliate fountl in the ettmcel- 
lular fluid are the result of loca! pll changes at the bone inineml 
surface, determined by lactate formation. 

The pliysiologic significance of such a pll gradient, front the sur- 
face of the bone mineral to the blood, would be that acid is essential 
for the solubilization of the mineral and for its movement from Iwne 
to blood. As nil! Ik seen later, in connection srith regulation of 
this transfer by the parathyroid hormone and dtamin D, it is fur- 
ther believed that this regulation is medLitcd by the control of 
production of acid in the glycolytic cycle. In support of this thesis, 
there are quoted some obsers-ations which purport to show that the 
pH is low in areas of resorption of bone. 

^Yhllc we are prepared to accept the postuble that the production 
of acid in bone, and also production of the citrate ion, plays a jmrl 
in the solubilization of the mineral, and hence Its transfer from (tone 
to blood, our dew of the mechanism of tins action is somenhat dif- 
ferent from that of the authors just cited. \Vc do not accept the 
idea that there is a pool of fluid, at pll C.8 or below, sum>iiniling 
the crj'slals in process of dissolution: in fact, we regard the concept 
of pII itself at.the crystal surfaces as of doubtful validity. We are 
prepared to Relieve Ibat hydrogen ions, libcratetl froni the glyco- 
lytic cycle, may react nith the crj'stal surfaces, as 11+ liecomes 
available, in such a manner ns to con\-crt an insoluble salt of 
calcium and phosphate to soluble ions. Such a reaction, which ssc 
prefer to think of as occurring in a step-wise fashion, rather than 
in the presence of a pool of excess acid, might lx? reprc.scnled ns 
follows: 

Ca,(PO»)j 4- 2II* -»3Ca++ -f 2HPOr ■ 

This question «iU be dealt with further under the topic of regula- 
tory processes; here, the attempt is to visualize the dynamics of 
reactions at the crj-stal surfaces. 

It may be assumed Uiat the conditions at the surfaces of the 
crystals in reactive or labile bone, such as that localized in the new 
and still incompletely mineralized osteons, are different from those 
in the more stable and completely mincralizetl bone of the older 
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osteons am? of lamellar Imne. Our description of surface condilions 
applies primarily to reactive ormclalmUc bone; we assume Hint the 
surfaces of the crystals of stable bone mineral, wliile still mpal)le of 
ion excliaiigc, correspond to our dchcription to a nmeli lessor degree. 

The special conditions at the surfaces of crystals include the ef- 
fects of several forces, not tmtlually e\clusi\t*. The classical adsorp- 
tion phenomena, in which the lioncling is primarily the result of van 
•Icr Waals forces and m svhich llie adsorbed material may present 
in intdlilaycrs, refer primarily to the n<lsor|>lion of gases by solids; 
ions in solution arc not known to undergo classical ndsorjilion. 
Chemisorption refers toelcctros'alcnlorcovalcnt Iwnding, in nhtcli 
the chemisorbed material is usually limited to a surface monolayer. 
Ions In solution arc frequently chemisorbed; an cKCcIlent c.vampic 
is the adsorption of calcium and phosphate ions from senim shaken 
with lead phosphate; hydroxyafwilitc is also an cfTective chemi- 
sorber for those ions. Many attempts have lieen made to explain 
Ihc uptake or exchange of ions by the Iwnc nilneral, in contact 
with fluids of tlie Iwdy, in terms of clicmisoriilion. Currently, Imw- 
cver, the emphasis is on exchange and Imns/er of ions lielnecn the 
body fluiilsand crystal surfaces. This concept has U-en subjected to 
careful quantitative studies, which have led to elucidation of 
stolchiomolric rchitionsliips am! to the conclusion that the ily* 
namics of llie behavior of ions «t the crystal surfaces arc Ixisl ex- 
pressed in terms of ion exchange, without, however, eliminating 
the jmssibility of chemisoriilivc forces acting concurrently. 

lO.V TKANSFEie A.vn JO.V E-XCU-SSOE 

Strictly speaking, the term ion exchange implies u onc-for-one 
cvehangcof ions Ijolncen o solid and the fluid which Iwithesil. This 
exchange may Ire isoiome, i.c., the exchange of one ion for another 
o/ ihc .fismo cic/fiCNt, or MrroSavfr, exeJotoge lor a ion. 

The rapid physiologic cxciiangc liclwcn the bone mineral anti tiie 
fluids of the l>ody is almost entirely issjiomc. 

A more genera! tenn is ion transfer, which designates the inovi*- 
incnl of ions between Ixmc and blood, without requiring an equal 
nundrer in exchange. It is assume*! that there is a pool of l.sbilc 
mineral, in the reactive or exchangeable Ijone, which can move 
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rapidly into the circulating fluids nheti tlicy nrc depleted; convTr'c- 
iy, an excess of calcium in Hic Wood is transferred rapidly to tlic 
labile pool. 

This concept of labile caldunt, and of ion transfer, which does 
not require any destruction of organic matrix, Iwnrs ii .superfidal n^. 
semblance to the older concept of halistrrenis, which de«erilH‘d a 
leaching of mineral out of bone, and may seem to contradict the 
assertion, now commonly made, that resorption of Iwne dc.strovs 
mineral and matrix together. Ilalistcresis, however, was a Icnn nsetl 
to describe an older concept of rickets, sshich was that in the patho- 
genesis of rickets, mineral was dissolved from bone, leaving the 
organic matrix intact. This concept was disposed of by J’omincr, in 
1885, who first showed Hint in both rickets and osteomalacia there 
is a failure of organic matrix to calcify, resulting in the clinnicter- 
istic uncalcified osteoid tissue. Tlic concept of labile calcium is 
simply that a portion of the calcium, variously ilesignated as labile, 
exchangeable, metabolic, or reactive, is capable of jnoviiig in or out 
of bone, in response to a dysequilibrium with the immediate en- 
vironment, without any necessary tlisturbaticc of the organic 
matrix with w'hich it may be associateil. This, then, ilruws ii sharp 
distinction Iwtwecn resorption and ion transfer; they occur in dif- 
ferent places, under different conditions, and |>y different meelm- 
nisms. 

For reactive Ixjnc, there is conceptually n choice of four posi- 
lions in which a particular ion may Ik* at any one time and still Ik* 
in relation to hj droxyaiwilitc. It may l>e in the interior of a crystal 
and, hence, in a relatively .stable jKisilion. Or it may Ik* in a special 
relation to the surface, in one of three positions: (1) in the crystal 
surface; (2) adsorlicd on the surface of the crystal, by choinisorptivo 
fortes; or (SJ in solution in Che hydration shr-H. Where the Ions of 
hydroxyapatite or carbonate Imiroxyapalile are concerned, Ca++, 
rOf, Oil", and COj". the distinctions ut the xurfate are rather arbi- 
trary. The system is in a dynamic slate; the .surface undergoes con- 
tinual exchange; and its extension into the aqueous phase is hluned 
tlimensionally and energetically. It is assumed that the <legne to 
which tliis is true dejKnds upon the maturity of the ciystid and 
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upon its environment; in no ease, however, is it proKible tlwt 
niiiicral in bone exists in the slate of stability of a dry crystal in 
contact with air. 


niFfX'SK ACTl\Tn* ANM LOSC-TEJlM EXCIJAN-RE 

U'licn Ca^’ or Ita^ is taken up by Imnc, activity apjH*ars not only 
in excbaiigeablc or reac!i\*e lione, undergoing npposilional gron lb, 
but also in pre-existing Imne, producinga difftu<e and relath cly uni- 
form low level of darkening in an autoradiogram. Tbis diffuse dfj>- 
osilion, l>elie\'ctl to represent a one-for-onc exchange of ions, iso- 
ionic or lictcroionic, with those pn‘'enl in compact lione, has l>cen 
<lcstpiated ns lonj-lerm crehange, defined as' an evehaitge pnxTss 
svith lime constants much greater than a week. Wiilc a radinisf»- 
topc taken up in this manner does not pfrabiceas strikinga picture 
in »utorn<Iiograms as <Io radioclcments taken up in ncwlj forming 
lx>ne, where strong images are produeed. it is estimated that a* 
much ns 50 per cent of the total uptake of Ca** or Hu*” may Ik* in 
the form of the diffuse component. 

The justification for referring to this phenomenon, regarded hy 
some as an irreversible uptake, as long-term exchange is that oIj- 
vn'ntionsof Ca** transfer imheate that a signifimnl fraction of the 
total calcium turnover in the skeleton occurs ns a result of such 
exchange, 4in<! that this (nay play an imixmlant part in the mgula- 
lion of the serum calcium level. Evidence is nccumulaling that 
Ha*” is removed slowly from the mineral, without the necessity of 
direct resorption, and apparently by the s:vme e.xclmnge process 
that dejiosiled it originally. 

Localization of the iliffuss* coiinwiicnt, in relation to the crj>(als 
of Iwne mineral, remains unecriaiii. U is as'iimed that the first 
<lcposltion of the radioisotope is at the surfMces of crj’stals, in ex- 
clmiige for an etjual number of Ca"*^ ions, lleyoml this, it is u 
rea.smiable axsiimption, in the present stale of knowledge in solid- 
state physie.s, tliat any ions so deposjtcsl that are capable of .sub- 
sliliiling for Gi^ in tlic rjy.slal slmctiire may, in time, fiml their 
way into the interior of the eiystab Whether this is the case for 
Ha*”, which may lx* demousltalctl in <-«mj)arl Ixine many years 
after the original uptake, has not liecti shown. 
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EiiTymcs ami Bone 

^fost of the attention to the cnzjine systems in cnrtilagr and in 
bone has been directed to their possible role in calcificalion. JIany 
of the enzjTnes in these tissues, however, as in the soft tissues, have 
primari’ tiinclhns nith reJation to the metabolic actiWttcs of the 
cells. There is no evhience that any cnziine system is required for 
calci6catlon of the matrix of bone, as there is for cartilage matrix. 
The ricJincss of osteoblasts In phosph.ilose has suggested, hoHci’cr, 
that the presence of this enzjTnc is involved in the fonnalion am! 
deixjiilion of the bone mineral. That the l>one matrix itself is five 
from phosphatase throvssdouhton thisinlerprclntioniphosphatase 
is present in the matrix of cartilage in the rone of provisional 
calcification 

Interest has been centered on the possible role of alkaline phos- 
phatase, phosphoryiase, and the enzymes of the glycolytic cycle in 
calcification of the matrix of hypertrophic cartilage during endo- 
chondral fonnalion and growth of Imne. Here tlie eviileiice for 
participation of enzymes in the calcification process is more direct, 
although any conclusions must still be subject to rescrs’ation. 

Calcification of carldage matrix may be produced in Hlro after 
all enzynnes have been inactis'atcsl. Inactivation of the enzymes, to 
the extent that no phosphatascaclivily is demonstrable, may Iw ac- 
complished by treatment witli sil\-er nitrate, 0.6 X 10~* M, or bi- 
chloride of mercury, 10~* 11, or by heating to temperatures (jclttctui 
60® and 100® C. Such inactivation, of course, afToels the onzyines 
l)olh in the matrix and in the cells; follotting inactivation the condi- 
tions in bone matrix and in cartilage matrixarc comparable; Iwth arc 
free from enzymes. Even after these proocdiires, characteristic cal- 
cification of cartilage matrix may be produced if the phosphate con- 


78 


Xlkaline Pkosphalase 

ceiitration in tbe medium is ^uffi cJenlly liigb. These obsen'alions 
suggest that phosphatase may play an important part in the 
preparation of the matrix for calcification; after the property of 
calcifiability lias been established, the presence of the enzjmie is do 
longer necessarj’. 

Our examination into the enzjmcs of bone and cartilage will not 
be restricted to the part they maj* play in calcification. We shall 
attempt, insofar as the evident* permits, to review other functions 
of enzjnnes found in association with these tissues. 

ALKALINE PHOSPHATASE 

In 1923 Kobison atmounoed that he had found an enzyme in the 
ossifying cartilage of j'oung rats ami rabbits which rapidly h)'<!n>- 
lyzes be.NOsemonophospboric acid, yielding ortbophosphoric aci<) 
lie suggested that this reaction, by adding to the local concentra- 
tion of phosphate ions, might be a factor in bone formation. From 
this diseo^-ery it was an easy step to the assumption that the action 
of the enzjme is critical in calcification. Indeed, the discoverer of 
phosphatase and his followers went beyond the evidence, and a cer- 
tain amount of retraction was inevitable. This was followed by a 
restatement of the case for phosphatase, to include n second 
mechanism; the current literature is still markedly influenced by 
the early and clearly untenable hypothesis. 

The original theory was based not only on the disco\ery of alka- 
line phosphatase in hone but also on the demonstration that 
rachitic cartilage matrix will caldfy m vilro when phosphate is fur- 
nished in the calcifying mediuni only in the form of phosphoric 
esters. The difficulties encountered and recognized by the originator 
of tire tiieory were: (I) that the optimum pH for t!ie action of the 
enzyme is high, namely, 9-4; (i) that the concentration of phos- 
phoric esters in the fluids of the body, suitable as sub.strates for the 
enzyme action, is low, amounting only to about 0.5 mg. of phos- 
phorus per 100 ml. of fluid; and (3) that other tissues, which do not 
calcify, are rich in an identical or amilar enzyme. The literature of 
the hist thirty-five years inoliides many attejnpts to reconcile the.se 
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difiicullies with the possihility that alkaline pho'sphalaM; has an 
important role in ealelfiration. 

Bone phosphata«;e, in athlitioii to its locaIiz;ition in bone, is 
characteri/e<l by its hydrolysis of inonoesters of phosphoric arhl 
and its optimal activity at pll 9,4. It shares these qualities with 
similar enzjTiies from other sources, of which the Ix-st slmlled are 
those from blood plasma and from intestinal mucosa. Some ratlicr 
subtle differences, mainly in the rcsislancc to inhibitors and in the 
optimum pll, have iK'cn rc|>orted between phosphatases from dif- 
ferent sources. Since distribution studies have failojl to ivveal .sip- 
nificant rliffcrcnces between phosphatases from inammnlian tissues, 
it will suffice, for our present pur|>oses, to consider the alkaline 
phosphatase from bone as non-sporifie ami to treat it in tenns of 
its activity. 

Bj keeping the incubation time short to miiiiniizc diffusion arti- 
facts, and to demonstrate silc.sof activity preferentially, Prilehanl, 
inn study of phosphatase in rat femurs, found that areas of nicscn- 
clijme in which centers of ossification later iipjK*are«I showed that 
there was activity before osteoblasts ba<! ilifferenfiateil. The 
cti7>inc firvt appeared in the nuclei of mesenchymal cells; as the 
cells enlarged and assumed the fonn of osteoblasts, the activity 
l>ecame more intense an<l apjicared in l»olh nucleus am] cytojilasin, 
and al"rf) cxtracellularly in collagenous fillers. With the nppeaninre 
of ilefimtive osteoblasts, linweier, enzyme activity fell abruptly, 
especially in tlic nucleus. The organic matrix licing ilcposited l>e- 
tween and around the ostwhlaslsgave no reaction for phosphatase. 
Besting osteoblasts and osli'ocytes showed little or no activity, 
xknalogous changes were obscr\x*d in cartilage preceding its replnre- 
inent by Ixinc in endochomiral ossification. As the cartilage I'clls 
lx-g.m to !iyjx*rlrop!iy, eiirjinc aclixrity appeared in tlie nucleus 
first, llien in the e> loplasm, and then exlmeelbilor’ly. Soon alter the 
apficarance of the enzjmic in tJie cartilage matrix calrificalion l»e- 
gan. .\s the cells liecame hypertrophic and liegan to degenerate 
enzyme activity disapiK*are«J. 

Except for the localization of phosplmtase in the rartllage 
matrix, its ilistrihution in llie oelhikar elements of Iwne and rarti- 
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FtQ. 16. — Sections illuslraticie distribution o( alkaline pliospliatasc in bnnes of a 
puppy «itii tnluimal nckeU A, photomicrograph of an undecntcificd longitudiiul 
section through llie slisft of a rth ot a puppv f«l eonlwi diet nilhout iitaniin D; 
bn, tniiicales calcifieil bone; oil, bortlers of uncaicified osteoid tissue, obi, osleoblasU: 
mar, bone marrow. B, similar area of a section from the same block incubated vritli 
so lium glycerophosphate in presence of calcium liefore staining Ft indicates heavy 
deposits in byers of osteobbsU, showing localization of phosphatase; other symliols 
as in A. Sate Iwrders of uncalafied ostcoiJ tissue free from phosjihatase Alcohol 
fisation; silver nitratc-hematoxybii-eosi'n. )(103. (FVoiu ongiiisl pliotoraicrograplis 
of Fig. 7. FrcemanandMi;Le*n,Arch. Path., 32; WI. Reproduced hj courtesy of the 
puhlishers ) 
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lage, including the cytoplasm and the nucleus, dw, not suggest any 
direct relationship to the deposition of the Ijoiie salt. Ksiwciallv 
striking is its absence from calcifiabic bone inatrlv, ns in rickets, at 
a time when the overlying osteoblasts are rich in the cn/vmc (Fig. 
16). It is of considerable interest that the distribution of n inuaj- 
polysaccharide, as demonstrated by liisfochcmical means, co- 
incides with sites rich in alkaline phosphatase. 

The literature on phosphatase in the living organism is chlc/Iy 
concerned with the hyclrolysis of phosphoric esters. The cnzvmc cj» n 
also sen-c as a catalyst in the synthesis of tlicse esters, and it mar 
have such an action in tno. Attention has been called to the high 
acid phosphatase content of osteoclasts and to the possibility that 
the enzyme plays a part in rcsoqdton. 

Although phosphatase hydrol.vzes and .syntliesires the mono- 
esters of phosphoric acid, this by no means limits the funclioiis of 
the enzjTiie to this activity. There is abundant evidence for the 
view that the enz.nne plays an important part in the mnnufnclun* 
of a fibrous protein. Tins conchislon is bascil partly on an increase 
m cjtoplasmic basophilia of the osteoblast, concomitant with an 
increase in phosphatase; on an increase in the sire of the nucJeohis; 
and on a simultaneous increase in the intercellular matrix, particu- 
larly of its collagenous component. Moreover, it Is Ijcllcwl tliat 
nuclear phosphatase activity may lie concerned s\ith tlie intrinsic 
metabolism of cell diffcrentl,iHon. That tlierc is an intimate rela- 
tionship in distribution liclnccn phosphatase and inucoiKiIysae- 
eharides suggests that the enzyme may also play n part in the 
formation of the ground substance of Iwne. Since the pro[)erty of 
calcifiabilUy appears to reside in the organic malriv, tliis relalion- 
sliip is consistent with the view that the conferring of this proiXTly 
on llie matrix may be a function of phosphatase. 

HECOND .MKCIUXISM 

In 1930 llobison pnstulatcil u dual mechanism in calcifying hy- 
IKTlrophie cartilage. The twx) parts were: (1) the phospliatnse 
mechanism, which produces supcn>aliirnlioii with rrsjicct to the 
bone phosphate, and («) the second mechanism, which favors the 
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luge, including the cy tojilasm and the nucleus, doc.s not suggest any 
jlircct rclationshij) to the deposition of the bone salt. Kspecially 
striking is its absence from c.*iid6able Iwnc nmtriv, as in rickets, at 
a time when the overlying osteoblasts are rich in the enzyme (I’ig. 
IC). It is of considerable interest that the distribution of a muco- 
polysaccharide, as demonstrated by histochcmical means, co- 
incides with sites rich in alkaline phosphatase. 

The literature on phosphatase in the Jiving organism is chiefly 
concerned with the hydrolysis of phosphoric esters. The enzyme can 
also serve as a catalyst in the synthesis of these esters, and it may 
have such an action in riro. Attention has been called to the high 
acid phosphatase content of osteoclasts and to the possihlllty that 
the enzyme plays a part in resorption. 

Although phosphatase hydrolyzes and synthesizes the mono- 
esters of phosphoric acid, this by no means limits the functions of 
the enzjine to this actisdty. There Is abundant evidence for the 
view that the enzyme plays an important part in the manufacture 
of a fibrous protein. This conclusion is based partly on an increase 
in cytoplasmic basophilia of the osteoblast, concomitant wdth an 
increase in phosphatase; on an increase in the size of the nucleolus; 
and on a simultaneous increase in the intercellular inatriv, particu- 
larly of its collagenous component. Moreover, it is believed tliat 
nuclear phosphatase actmly may be concerned witli the intrinsic 
nietalxilism of cell differentiation. That tbere is an intimate rela- 
tionship in distribution between phosphatase and mucopolysac- 
charides suggests that the enzyme may also play a part in the 
formation of the ground substance of hone. Since the property of 
caMfiabilily appears to rc.side in the organic matrix, this relation- 
ship is consistent with the view that the conferring of this property 
on the matrix m.'iy be a function of phosiihatasc. 

PECON'D MECHANISM 

In 1030 Itobi'rfin })o<.(ulatrd a dual mechanism in calcifying hy- 
jiertrojihic carUlage. llic two {larts sven*: (I) the pliosplmtasc 
mechanism, which produces sti]tcr»atumtion with respect to the 
lione phosphate, and (2) the second mechanism, which favors the 
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deposition of the bone salt from supersaturated solutions. We have 
called bis second mecbanism tl»e local mechanism and have con- 
sidered it in detail above. 

Robison continued to regard this second mechanism as en- 
7.%Taatic in nature; and in 1J)36 he stated that the two mechanisms, 
n'hich had been empirically distinguished, might form one complex 
crizjine system by which phosphoric esters are s^'otheslzed from 
inorganic phosphate and subsequently h3'drolyzed to liberate phos- 
phate ions for the precipitation of the bone salt. The case for the 
dual mechanism was supported bj' demonstration of the simultane- 
ous presence of glycogen and phosphatase in the cells of cartilage 
of which the matrix was readj’ for calcification. It was suggested 
that the senescent or hypertrophic cartilage cells provide both the 
phosphatase enzj-me and the glj'cogen, the glycogen on hydrolysis 
yielding hexosephospboric acid esters which, under the action of the 
phosphatase and the calcium of the body fluids, lead to the deposi- 
tion of an insoluble calcium phosphate in the matrix. 

There remains another possible role for phosphatase in the 
second mechanism. Neuman and his co-workers have suggested that 
alkaline phosphatase acts locally to destroy an organic phosphate, 
believed to inhibit the nucleation of cr^'stals of the bone mineral. 
^^‘h^Ie this proposal has some experimental support, it requires fur- 
ther investigation. Hcnriclisen has agreed with Robison that phos- 
phatase is essential for the second mechanism and regards release 
of phosphatase from cells, by death of the cells or otherwise, as 
critical for nucleation. 

PHOSPnORTLASE 

Beginning in the cartilage models of bone in the embryo and con- 
tinuing into postfctal life as long as growth of bone by endo- 
chondral ossification persists, an enzyme system for glycolysis, 
simlfar fo that in muscle, is present in the cart I/age. The appearance 
of this sj'slem coincides with the hj^pertrophy, the degenerative 
changes, and the presence of glyxwgen obsen’ed in cartilage cells 
preparatory to their disintegration and the calcification* of tlic 
matrix. No similar sj-stem has been described in bone tissue. 

Reference has been made to the apparent relationship between 
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lagp, including the toplasiii and the nticiciis, docs not .siiggt*sl anj’ 
•lircct relationship to the deposition of the l>onc salt. Kspt>ciallv 
striking is its absence from cnicifiable bone matrix, as in rickets, at 
a time nhen the overlying osteoblasts arc rich in the cn7ymc (I'ig. 
16). It is of considerable interest that the distribution of a muco- 
polysaccharide, as demonstrated bj' histochcmical means, co- 
incides with sites rich in alkaline phospliatasc. 

The literature on phos|>halasc in the living organism is chiefly 
concerned mth the hydredysis of phosphoric esters. I'he cn/yrne can 
also serve as a catalyst in the .synthesis of these esters, and it may 
have svicli an action in tiio. Allention has been called to the high 
acid phosphatase content of osteoclasts and to the possibility that 
the enzyme plays a part in resorption. 

Although phosphatase hydrolyzes and synthesizes the mono- 
esters of phosphoric aci<i, tins by no means limits the functions of 
the enzyme to this activity. There is abundant evidence for the 
view that the enzjine plays an important part in the manufacture 
of n fibrous protein. This conclusion is based jmrtly on an increase 
in cytoplasmic basophilia of the osteoblast, concomitant with an 
increase in phosphatase; on an increase in the size of the nucleolus; 
and on a simultaneous increase in the intercellular matrix, purlieu- 
larly of its collagenous component. Moreover, it is Ijcllevod that 
nuclear phosphatase activity may l>e concerned with the intrinsic 
nielabolLsm of cell differentiation. That there is an intimate rela- 
tionship in distribution between phosphatase and mucopolysac- 
charides suggests that the enzyme may also play a part in the 
formation of the ground substance of Imne. Since the pmjxrrly of 
calcifiabilUy appears to reside in llic organic matrix, this rclatinn- 
.shlp is consistent with the view that the conferring of tliis projKrly 
on the matrix may be a function of phosphatase. 

SECO.VD alECIIAMSM 

In 1930 Robison {Kistuhatetl n dual meelmiiism in ralrifying hy- 
jwrlrophic cartilage. The tno jKirbi were; (1) llie phosphatase 
mechanism, wiiich produtes siipersaturalinn with n-s[K'ct to the 
Ixinc phosphate, atul (2) tlic second mechanism, which favors the 
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deposition of the bone salt from supersaturated solutions. We have 
called his second mechanism Uie focal mechanism and have con- 
sidered it in detail above. 

Hobison continued to regard this second mechanism as en- 
zjTnatic in nature; and in 1936 he stated that the two mechanisms, 
which had been empirically distinguished, miglit form one complex 
enzjTne system by which phosphoric esters are synthesized from 
inorganic phosphate and subsequently hydrolyzed to liberate phos- 
phate ions for the precipitation of the bone salt. The case for the 
dual mechanism was supported by demonstration of the simultane- 
ous presence of glycogen and phosphatase in the cells of cartilage 
of which the matrix was ready for calcification. It was suggested 
that the senescent or hypertrophic cartilage cells provide both the 
phosphatase cnzjTiie and the glycogen, the glycogen on hydrolysis 
yielding he.vosephosphorie acid esters which, under the action of the 
phosphatase and the calcium of the body fiuids, lead to the deposi- 
tion of an insoluble calcium phosphate in the matrix. 

There remains another possible role for phospljatnse in the 
second mechanism. Neuman and his co-norkers have suggested that 
alkaline phosphatase acts locally to destroy an organic phosphate, 
believed to inhibit tlie nuclcation of crystals of the bone mineral. 
IMiile this proposal has some experimental support, it requires fur- 
ther investigation. Ilenrichsen has agreed with Uobison that phos- 
phatase is essential for the second mechanism and regards release 
of phosphatase from cells, by death of the cells or otherwise, as 
critical for nucleation. 

PIIOSPIIORYLASE 

Beginning in the cartilage models of bone in the embryo and con- 
tinuing into postfetal life as long as growth of bone by endo- 
choiulral ossification persists, an enzjTne system for glycolysis, 
similar to that in muscle, is present in the cartilage. The appearance 
of this system coincides with Ibe hypertrophy, the degenerative 
change.s, and the presence of glycogen observed in cartilage cells 
preparatory to their disintegration and the calcification' of the 
matrix. No similar system lias been described in bone tissue. 

Befercnce has been made to the apparent relationship between 
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glycogen and pliosplialase in regions in carlilagc ^liere calcification 
is about to occur. An important link in this chain was the demon- 
stration, in 1941, of a phosphoi^'Iase in calcifying cartilage. This 
enzj-me initiates pliosphorylative gtycogenolysis by catalyzing the 
breakdown of glycogen and the formation of g!ucose-l-phosphate. 
Upon its discovery in caldfying cartilage it was believed to lead to 
synthesis of potential .substrates for phosphatase in zonc.s of c-alci- 
fication l)efore blood sources become available, and to siippleinent 
these blood sources thereafter. 


GLYCOLYTIC CYCLE 

Figure 17 illustrates the glycolytic cycle, beginning mth the 
phosphor,\ lalion of glycogen to form glucose-l-phosphalc and con- 
tinuing down to the formation of lactate. Not all the steps illus- 
trated in tliis .scheme have been verified for calcifjjng cartilage; 
in addition to phosphorjlasc and phosphatase, the following 
enzyme activities have been identified: phospholiexoisomernse, 
phosphohevokinase, liesokinase, aldolase, o-gl.\cerophosphate f)e- 
hydrogenaso, triosephosphale dehydrogenase, enolase, and lactic 
dehydrogenase. The presence of the following ]>hosphoi5’lated 
intermediates has also been established: glucosc-l-phospliate, 
friictosc-O-phospliate, he.xo'e diphosphate, phosphogl.rccric acid, 
inorganic orthophosphate, phosphopyruvic acid, and ndcnos,inc 
triphosphate. These arc .sufiioienl to lead to tlie conclusion tliat the 
gUcoKtic systems of muscle and of calcifying cartilage an* \erj‘ 
similar, if not iilentical. 

The gl\ oolitic c^cle has been implicated in the calcification of 
cartilage matrix, but not of bone. As illustrated in Figure 17, 
phlorizin, loiioacclate, and fluoride inhibit glycolysis, but at differ- 
ent i)oinls in the c^ cle. Thus ]>liIorizin inhibits phosphorj’lase and, 
consequently, pliosphorylative glycogenolysis; iodoacetalo inhibits 
the triosephosphale enzj-me; the fluoride inhibits enolase. Cor- 
respondingly, each of these inhibitors blocks calcification vhen 
phosphorus is supplied ns inorganic phosphate or as any of the phos- 
jdioric esters above the location of an inhibition in the cycle. 

.\n attempt has been made to show that the local mechanism in 
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calcification is dependent upon anaerobic glj colysis in the tissue; 
this attempt has failed. Anaerobic glycolysis may be inhibited in 
ritro, to the extent of 70-90 per cent, by iodoacetate or fliiori<le; 
this inhibition may be accompanied by a reduction in the amount of 
caldfication, but this reduction is easily overcome by adding slight- 
ly more phosphate. Jforeover, g?\'coIysis, in the absence of inliibit- 
ing agents, proceeds at the same rate, whether or not the incubating 
medium contains enough phosphate to induce calcification. 

Even after making allowance for the facts that the inhibitions 
and blocks mentioned are only partial and that for the most part 
they can be by-passed by prodding enough of the substrate or of 
inorganic phosphate, this scheme and its experimental validation 
are impressive evidence for the participation of the glycolytic 
enzyme system in the caldfication process. It has the fault that the 
cj’cle, as now understood, does not lead to a phosphoric ester to be 
acted upon by alkaline phosphatase; consequently, the scheme does 
not clarify the role, if any, of phosphatase in the deposition of the 
bone mineral. One must conclude that all efforts to implicate phos- 
phatase in calcification ha\e failed, in spite of a most 
promising and apparently self-evident start a generation ago. 
There is, however, current interest in adenosine triphosphate 
(ATP), also an important link in the glycolytic cycle (see Fig. 17). 
.\TP sers'es many functions in metabolism, and is now believed to 
serve as a phosphate donor in caldfication. It is pointed out that 
ATP is the only acid-soluble ester that accumulates as a result of 
glycogenolysis in ossifjTng cartilage. The interest in ATP is also 
strengthened by the demonstration of pyrophosphate as a con- 
stituent of normal bone. Since inorganic pj-rophosphate is not an 
effective calcifj'ing agent, it has been suggested that the role of 
ATP is that of transferring pyrophosphate to some component of 
the organic matrix by a transference mechanism; the working hy- 
pothesis is that a transphosphorytaiion reaction takes place in ossify- 
ing bone according to the scheme: 

i/ Collagen-NII, + ATP CoI!agen-Xn-P~P + AMP. 
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Linked with this proposal is the Iwlief that the glycolytic cycle 
is important for ossification only for its ability to form pjTuvic aoitl, 
by the oxidation of which the cartilage cell may synthesize ATP. 
Because of the role of insulin in the multienz^Tiie system which 
controls the metabolism of ATP and the biochemical reactions de- 
jwndent upon it, c.g., biosynthesis of chondroitin sulfate, attention 
is currently being directed to the influence of insulin upon calcifica- 
tion and ossification. 

Granted that the glycolytic cycle may play a part in the calci- 
fication of certain tissues, the mechanism of its participation still 
remains in doubt. The transport of an original phosphate ion 
through the cycle, with its reappearance as inorganic phosphate, 
does not result in an increase in the number of such ions. The 
mechanism might he needed to transfer phosphate ions across cell 
membranes or to move them against concentration gradients. The 
high-energy phosphate bonds of some of the esters of the glycolytic 
series might serve a purpose useful in calcification. Or it is conceiv- 
able that cyclic accumulation and release of phosphate ions might 
occur, with temporary local increases in their concentration. Such a 
storage mechanism is implicit in some of the early theories of the 
action of alkaline phosphatase; it still has not been shown to exist, 
cither for phosphatase activity or for the glycolytic cycle. 

ACrn PflOSPIIATASE 

A phosphatase with optimum activity in acid solutions, pll 6.0, 
found in tlie prostate gland and attaining high levels in the plasma 
in patients wth prostatic cancer, lias, until recently, not been rc- 
I)orted to have a specific relation to bone. Current reports are to tlie 
effect that the calcifying matrix of bone and dentin exhibits a 
genuine acid phosphatase activity, which is abolished or dimin- 
fs/ied by procedures fcnowti fo inacCivafe or inhibit the enzyme. 
It is also reported that, while osteoblasts and osteocj’tes e.xhibit 
alkaline iihosphatase activity, this is not found in osteoclasts; a 
higli acid phosphatase actmty has been found in these cells. The 
role of acid phosphatase in bone is even more obscure than that of 
alkaline phosphatase. Present concepts ore that the alkaline phos- 
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phatase activity is an index of osteoblastic activity, while acid 
phosphatase activity in bone reflects an osteolytic process. 

OTHER ENZY31ES 

Since bone is a living tissue and since many enzyme systems are 
common to a wide variety of cells, it may be assumed that the cellu- 
lar elements of bone liave their share of such enzymes. Little is 
kno^vn about bone in this respect. Cartilage is generally deficient in 
respiratory and oxidative enzjTnes. This is consistent with the rela- 
tive avascularit^’ and very low o.vygen tensions prevailing in 
cartilage. The oxygen uptake of cartilage homogenate is small, 
though measurable. 

The role of enzjines in the resorption of bone has not Ijceii 
clarified. It is probable that the collagen of bone is dissolml by 
enz^inatic action and that the mucopolysaccharides of the ground 
substance are made soluble by depoli-merlzation. In neither case is 
information available for complete elucidation of the sequence of 
events in resorption. 

It has long been assumed that a proteolytic enzyme must be ac- 
tive in the destruction of collagen. The osteoclast is in a position to 
provide such an enzj'me, but there is no evulence that the elabora- 
tion of a proteolytic enzjTne by osteoclasts is responsible for the 
solution of the proteins of the bone matrix. The enz^Tue hyaluroni- 
dase acts to depol^Tnerize hyaluronic aci<l. This mucopolysaccha- 
ride has been identified in bone; the enzyme acts similarly on 
chondroitin sulfate; its role in resorption can only be surmised; 
hyaluronidase has not been demonstrated in osteoclasts. 

Ilistochemical demonstration of succinic dehydrogenase activity 
m osteoclasts has been intei^ireted as presumptive evidence that 
the tricarboxj lie acid cycle is involved in resorption. Other en- 
zjTnes found in osteoclasts, including fi-glucuronidase and amino- 
peptidase, appear to confirm the hypothesis that these cells have 
high metabolic activity. Van Been has made estimations of the 
activities of aconitase and isoritric dehydrogenase in various areas 
of the femurs from rabbits and dogs but has not investigated their 
distribution at the cellular Jewl. 
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Tcssari lias sliown an increase m ptutanu’c-fixnlarctu* Iraiis- 
niiiliinsc ncUvily (OO'P) in the iircatcif sjtonpj’ Ikiiic sulijt'cl In the 
h'stirjilive nclivily ni pnmth ami 1ms aUr> fouml that a similar in- 
m*ase occurs lollowlijpaihiiinislratjoii of jvinilh.vniiil cttracl. T)ir 
role of InifWimifutst' nctevllj' ifi rcMit^itioii rcriiacfK to Ik* clarifio*!. 

As a tiarl of the mwhanism prcsumcil to f>c iiivoKed in (he 
transfer of phosphate fn»m nilenosine triphosphate. Curlier ami 
Picard have deinonstmteil the presence of a nnn-c\tniclnhle 
ATl’-Jise, Mliich iJifTers frun alkaline ph»sj»h/ita*i* in his!/>* 
topic distrihiitinn and has an optiinuni pll of 8.0. It is netivatled hy 
inupneshim ions 

Other cnrjines reivirlcd to exist in Ixnie, and under inveslipa- 
lion with refeivme to their pliy.siolopic Mpnificanw, include 
cslcrav’s, proteases, r'ytoclirouie otidav, ^-nuclcotidaK*. and 
|S-plucosidaso. Of the eiirjincs of the citric acid ejele, those studiei! 
in lione inchule cilrtipenase, aconilasc, i'x^eitric dch.xdnipeimse, 
and malic dehydropena v. Doiihllcss there are many more eii*>niies 
jji lx)J)e, and their nclivilies remain a fruitful field for inquiry. 
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phosphatase activity in bone reflects an osteolytic process. 
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enzjinatic action and tliat the mucopolysaccharides of the ground 
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provide such an cnzjTue, but there is no evidence that the elabora- 
tion of a proteolytic enzyme by osteoclasts is responsible for the 
solution of the proteins of the bone matrix. The enzyme hyaluroni- 
dase acts to depol.\'merize hyaluronic acid. This mucopolysaccha- 
ride has been identified in bone; the enzjine acts similarly on 
chondroitin sulfate; its role in resorption can only lie surmised; 
hyaluronidase has not been demonstrated in osteoclasts. 

Histocheraical demonstration of succinic dehydrogenase activity 
in osteoclasts has been interpreteil as presumptive evidence that 
the tricarboxylic acid cycle is in\-olvcd in resorption. Other en- 
zjTnes found in osteoclasts, including fl-glucuronidasc and amino- 
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Resorption of Bone 


Resorption refers to the destruction or solution of the elements of 
bone. Our tnon ledge of the nior|>hologic aspects of this proces.s Ixv 
gins nnlh a monograph by Koelliker, one of the great earh- histolo- 
gists, who ^\rote a clear description nearly ninety years ago, still 
classic in the subject. Koelliker not only described resorption, n-ith 
its role in the growth and reconstruction of bone, but also described 
and named the osteoclast. He found that bone mineral and bone 
matrix are absorbed simultaneously, a fact repeatedly rediscovered 
in modern times; and be offered speculations concerning the 
mechanism of resorption to which relatively little has been added 
to this day. In many respects resorption is no more clearly under- 
stood than it was when Koelliker left it; moreover, much effort has 
had to be expended in clearinganay misconceptions introduced by 
others attempting to improve upou his work. 

Resorption is, in essence, the putting into solution of a compli- 
cated structure, in such a fashion that it disappears, its end- 
products entering the blood stream. Of the components of bone, a 
small fraction is already in fluid form and hence easily disposed of; 
the remainder is in solid form, for the most part insoluble or soluble 
with great difficultj- in the aqueous fluids. This is to say that, in 
order to resorb bone, it is necessarj' that it be reduced to substances 
soluble in water and that these be transferred to the fluids of the 
body. 

COilPOXENTS OF BOVE 

Of the solid components of Ixine, three substances together make 
up the main bulk. These are; (1) the l»one mineral; (2) a fibrillar 
protein, collagen; and (3) the ground substance, characterized by 
its content of one or more polysaccharides. The ground substance is 
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cloH'ly related to the interstitial fluid, and itsrmjcopolysaccharldps 
may be made soluble in >vater by a change in their state of poly- 
meriration. Since no erjzjme spedfic for the depolymerization of 
ehondroilin sulfate has been isolated, hyaluronidase is described as 
mediating this process. 

Collagen can be rendered soluWe rather readily. At the tempera- 
ture and hydrogen ion concentration of the fluitls of the body it can 
be dissoh’ed by digesting or disintegrating its protein stnietnre. 
This can be accomplished in the test tube by proteolytic enzymes, 
including collagcnase. 

Koelliker, in 1873, concluded that the osteoclast erodes bone by 
chemical means, without further spccifjing the nature of the 
chemical action required. Later, others added the assunjption that 
the action is a combination of that of an acid with that of a pro- 
teolytic ferment; the necessity for the presence of acid to account 
for the solution of the bone mineral has been a difficult stumbling 
block in the formulation of a theory of resorption. This situation 
has been changed by the introduclion of a group of compoujuls, 
known as chelating ageirts, of which the protolj'pe is elhylcncdia- 
inine tetraaoetic acid (EDTA). 

CfTEL-rnKG AGE^•TS 

Chelating agents are charaticrized by the formation of very 
poorly dissociated comple\es with ractallic ions. Together with 
this propertj', which invoK'es the formation of ring structures with 
co-ordination linkages, chelate structures exhibit greatly increased 
stability, lowered solubility in water, and changes in the dielectric 
constant. These characteristics differentiate chelate structures 
from such complex ions as arc formed by calcium with citrate; from 
the physiologic point of view Uic important difference is that the 
ability of a clielatcd complex to ionize in solution? is \'ery much 
below that of calcium citrate. 

It is now « common lalwratoij- procetbire to decalcify bones and 
teeth with chelating agents for histologic purjKJScs; this U jiossildc 
even in neutral or strongly alkaline solutions. It may be >«tfcly as- 
sumed that the )>one salt may be dissolved wbenc\fr another sulv 
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stance mth a stronger affinity for calcium is in a solution in contact 
with bone. This removes one of the obstacles to forming a hy- 
pothesis for the resorplion of bone. Such a hypothesis may non 
account for the solution of bone salt, collagen, and grouml sub- 
stance, all at the hydrogen ion concentration of the body fluid".. 

For a long time it has been agreed that both the organic and the 
inorganic components of bone are resorbed together, leaving 
smooth surfaces at the loci of resorption. If it be assumed that there 
is continuously applied to the surface of bone a solution which will 
depoh*mcrize mucopolysaccharides, digest collagen, and hold 
calcium in a Arm and soluble combination, this constitutes the basis 
for a working hj-potbesis for the mechanism of the resorption of 
bone. Such a mechanism would require only certain cnzjmie systems 
and an organic substance to combine with calcium. This does not 
conflict with any known facts, but there Is no positive eridence that 
it adequately describes the process. Xor is it suggested that any 
known chelating agent is present in bone; the possibility is that 
substances ha\nng similar properties may be formed in the organ- 
ism. 

BOLE or OSTEOCL.VST 

It can no longer be doubted that osteoclasis play an active p.irt 
in the resorption of bone. UTsereas for many jears the evidence to 
this effect was indirect, and dependent upon tlie study of fi\ed 
tissues, the studies of Gaillard, of Goldhaber, and of Ilancov, all of 
whom have ob^erwed resorplion of bone in tissue culture, making 
use of time-lapse motion pictures, have conclusively demonstrated 
the melting away of bone before advancing osteoclasts, which <lis- 
plaj very acti^-e niffled borders ami energetic ptnori/tosis. The 
ruffled border as seen in tissue culture appears to corre-spond to the 
brush border or sinated border, between the osteoclast and the 
underlying surface of bone id fi.\ed preparations, which has long 
been a subject of conlrtrversj . 

The ob-eiwations of living osteoclasts base also shed light upon 
the mechanism of osteoclastic resorption of bone. Tliey leave little 
df ' ' ■ lhe» cells haw a secrelotv- actiWty, and that this .<en-es 

to • both the mineral and the organic malriv of 
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Ixinc. They «ln jiot , wi far al least, piw a final nn^nscr to the problem 
of the i> 0 '>siblr pliapocylic activity of the osttHX'Jasls. Their secre- 
tory activity results in the Iil>eratian of dehris; some of this may lie 
swept up by the uinlulalii}^ nifllcx} l>on!ers of the osteoclasis, and 
ingcstci! an«! (livsolve<i by these cells; sucli si mechanism is sur- 
pe.sicsl by a combinulion of the umliilatiuR rufileil Iwnler and the 
amocl)oid movements of the entire cells, accompanied hy pitn> 
cy tosis. On the other hand, at least in tissue cuUnn*, there an* lar^e 
nmnlwrs of very active macrophages, seemingly adequate for 
phagocytosis of such debrib as is present. Moreowr, if the osteo- 
clasts sccrclc a substance or substances capable of chelating calcium 
and holiibiliring the collagenous filters of the inalriv, as wc have 
buj^sted, it is not necessary to assume tliat all of the looscneil or 
fragmented material lilienilod from the disapjtcnring Itone m*eds to 
1)0 dealt with by ingestion into cells. 

rn SGOCYTOSIH 

The altovo calls for a further review of the evidence for ami 
ngninsl tlio concept of phagocytosis, by the osteoclasis themselves, 
as al least n pari of the mechanism of osleoelastjc n'sttrplion of 
itone. Such a Miggeslion has apiKareil in the older HtcRilttre. re- 
vieived l>y ^^l‘Ix'an and IHooiu in JJ)H. Tije.v .studied Ihe mobili/n- 
lion of Itone salt in a variety of animals under tlie influenceof toxic 
doses of fwira thyroid c.stract, .staining undccnleified Mxlionsof fixed 
Itone tissue by the von KiKsa method, for visualization of the 
mobilireil tniueral. They found aggregalton of mineral, parlindale 
during the life of the unimat. in the macrophages and megakarjo- 
ryles of the Itone marrow but found also that the osteoclasis were 
singularly free of these aggregates. They eoncludcd that ost<*o<-lasts 
tlo not parlieijtale in the phagocytosis of the mineral liltcniled from 
rt'sorhing Itone (Fig. 18). 

Suft'Cipient obsers'iltioiis, by the Use of newer mcthoifs, re<niirv 
a n*o|)cnifigof this question. Scott and IVaso, by use of the eleclnm 
micntNcojK*, have fmind rotllcisof Itone mineral Ijing within the cy- 
toplasmofoslc*ocla<t.sin imtreatc«lamm.il«n»d have interjtrcted this 
fimling as phagocytosis of llie crj'stallites (Fig. 10). .Vrnoh! nmi Jee. 
studying l)ic ulpha traicks of pliitonhin) in nuloradiognims, luiNc 
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rfemonstrated that this material is concentrated in osteoclasis; 
they interpret this as indicating osteoclastic phagocytosis of this 
bone-seeking element. Thus the electron microscopic and the auto- 
radiographic e%-idencc on this subject is in conflict with the earlier 
findings with the liglit microscope; further clariCcation is required- 



Fic 18 — Alobilizaf ion of bone salt under the influence of toxic doses of parathy- 
roid extract High poxier view from undecalctfied section of a rib of a puppy 12 
hours after injection of 200 U.S P. units of parathyroid extract jier kilogram of 
body weight, (a) Osteoclasts, free from aggregated bone salt, (i) macropliages, 
packed «ith bone salt, (c) megakaryocyte, containing bone salt, (d) l«sopliil net- 
work. Formaldehyde fixation, sdxer mtiate-dicmaloxylm-eosm; camera lucida; 
XC81 (From original draw mg of Fig 2B, McLean and Bloom, Arch. Path., 32 1310. 
Reproduced hy courtesy of the publishers.) 
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Cimtml pf OslciKla9(ic Itewri^ion 

COSTROb OF OSTEOCL-^STIC nRSORPTlON* 

If llic view 1)0 accopted that osteoclasts rosorh l)one, tfion* re* 
inains the very important subject of the control of this proex'sf, 
which certainly docs not occur sj)onlnneoiisly or at random. Re- 
sorption of I>one, accompanied by the presence of osteoclasts, l)c- 
gini nilh the very earliest .stages of ossification in the embryo and 
continues throughout life, although there are marked difrenMiccs in 
the location and n«pidilyof resorption.amirding to the physiologic 
and slruclural needs of the moment. The influences whied) evoke 
and contnil osteoclastic activity must be looked for, and these may 
lx* found either generally, throughout the organism, or locally, in 
circumscribed areas. 



Kin. 10.— lliRli-irvilulion ct-ctron nMCmgrwpli shnwitiR minrrat cry»lal'« from 
rpv>rl>inff J«onc wjlliin Ihr rjlopUsmic sactwfca of sn (wUwl.vU. (t'roni 

oriscifi.st of Fig. IS, .‘^oU and IVasc, Jlcc,, 126; >9S. m-jtnxJiinvJ hy rourtrsy 
of the putilbfitrs.) 

or. 
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fal ixmo. The net result is that llic cartilap; dish reinuins at n|v- 
|»rovijiJ.ite)y constant iJiicfcncss, srliiic t}>e diaphysis increases }u 
Icnpth. The grrin-lh of the {x»ne is dependent upon prolifenition of 
tlic cartilage; hut unless the meclumisni, which \\o have referred to 
ns the ffTOidh apparalua, functions as a whole, physiologic growth 
cannot occur. 

irypopiiysccloniy of the imiunliirc rat leads to prompt cessation 
of gro\\ ih, lyttli in weight and in length. The epiphyseal disks of the 
long Iwnes soon show evidenre of inactivity. Within two weeks tlie 
thickness of the cartilage disk is far below the normal for the age of 
the animal; the cartilage cells of the disk decrease in sire; the osteo- 
blasts Income spindle-shaj>ed;andlheprimaryspongio<«idis;ipj>cars. 
Kvcntually the epiphyseal cartilage disk becomes scaled from the 
marrow by a lamina of bone. As a result of the premature arrest of 
growth, the disk resembles that of the adult rat. 

If growth hormone is administered to .such an animal while the 
growth npfKiratus is fpdesccnl, increase In ucight and in skeletal 
sixe occurs promptly. Growth in the epiphy.scal cartilage anri in the 
adjaecnl spongiosa is resumed, and there is removal of the sealing 
lamina of bone, with rcM^stablishmcnt of invasion of the cartilage. 
The hMologic api»carance of the entire growth mechanism is again 
that of the growing animal. Similarly, if growth hormone is ad- 
ministered to a rat at the age of approximately five months, at a 
time when the growth ciir^'c has reached a pl.ilcnu, reactivation of 
the growth apparatus, which has liecomc qtiiestenl, is demon- 
strahlo. There is a large s-olumo of literature upon the effects of 
growth honnone on melalioHc activity, Itolh in man and in other 
animals. Most of this is of nneertnin applicahlllty to the subject of 
the grow th in length of the long Ikuics, to which our altentirm is re- 
stricted. For our present pur|*oscs, we arc concerned with the 
pTQwtUappatatusasapcitroxcy target (or the actlaaof the hormone. 

The n*«ults of the administration of growth honnone, ileriveiJ 
fn>m liovine or jKitvine sotirers, to man ha\-e liecn dtvxppoinling; 
large dovcs administered to patients with panpiluitary dwarfism 
have had little effect, ^to^^ rcecnlly, prepamlions of the honnone 
fmm priinale .sources, including huni.m piluilniy gkind', have 
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Regitlatoiy Processes and Bone 
A. Bone Matrix 


Consideration of the regulator^’ processes affecting bone, or in 
which bone plays an important part, requires attention to the inter- 
play ol the physiologic factors in the growth, mineralization, tnrn- 
o^ er, and maintenance of the integrity of skeletal tissues. And since 
bone is so closely linked srith the homeostatic control of the com- 
position of the internal environment, more especially of its content 
of calcium and phosphate but including sodium and magnesium as 
nell, it is not possible to consider the factors influencing the minerul 
of bone ssithout attention to the bone-blood relationships; these arc 
influencetl by both vitamins and hormones. 


QBOn’Xn HORMONE 

Of the hormones known to influence grondh, including andro- 
gens, estrogens, adrenocortical hormones, thyroid, and insulin, only 
the growth hormone of the anterior lobe of the pituitary gland 
exhibits a specific effect upon the grow th apparatus by means of 
which growth in length of the long bones continues up to closure 
of the epiphj’ses. 

The anterior lobe of the pituilaiy' gland secretes, among other 
hormones, a growth or somatotropic hormone that e.\erts an influ- 
ence on skeletal grow'th. Until recently, the hormone has been pre- 
pared mainly from bovine sources, and the test object lias usually 
been the rat — intact or hypophysectomized. 

In the long bones, prior to closure of the epiphyses, growth in 
length occursby a continuous invaaon of the proliferating cartilage 
by capillaries and osteogenelic cells and its replacement by iliaphys- 
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<*ul Ixmc*. The ncl result W that the corlila^ «lisk reinuins at n|>- 
pmximalcly constant thickness, while the <lia{)hysis jncfcas<‘s iii 
Icfisth. The jfrowtJi of the bone is dependent upon prolifenition of 
the carlilapc; but unless the nwclumsm, which we have nderred to 
ns the groiclh nppnraiiM, functions as a whole, physiologic growth 
ainnot occur. 

II^TKiphyseclniny of the Immature rjil lends to prompt cessjilion 
of growth, Imlh in weight and in leiiglli. The epiphyseal disks of the 
Jong l>ones soon show evhlenec of inactivity. Within two weeks the 
lldckncss of the cartilage disk is fur liclow the normal for the age of 
the animat; tlic cartilage cells of the disk tlccreasc in sw; llie osteo- 
hlaslslwooinc spindle-shajiedtand llicprimarj’ spoil gios:» disiipjicars. 
Kvculually the epiphyseal cartilage disk becomes sealed fnmi the 
marrow by a lamina of bone. y\s a result of the premature arrest of 
grow 111, the disk resembles that of the adult rat. 

If growth hormone is administered to .such an animal svhilc the 
growth njipnralus is <iuicsccnt, increase in weight ami in skclela! 
MRC occurs promptly. Growth in the epiphyseal carlilngt* and in the 
niljBCenl spongiosa is re.sumed, and there is removal of the sealing 
lamina of Ixmc. with rc'CstaUlishmcnt of invasion of the cartilage. 
The histologic apjicarance of the entire growth mechanism is again 
that of the growing animal. Similariy, if growth hormone is ad- 
ministered to a rat at the age of opproximatclj- fis-c months, at a 
time when the grow III curve has rencheil a plateau, reaclivulioti of 
the groAvtli npiKirolus, which has become quiescent, is deinoti- 
iilrable. There is a large volume of literature upon the rffccls of 
growth honnone on melalxiHc activity, lioth in man nnc| in other 
nniinnU. Most of lids is of iinrerlaia applinibility to the .siibjort of 
the growth In length of the long bones, to svhieh our attention is n*- 
stricted. For our present purimscs, we are concerned ssith the 
growth app.iralusasa primary target for the action of the honnone. 

The results of the nilmimstration of growth honnone, derived 
from IkivIiic nr jxireine sounvs, to man have lioen disapjioinling; 
large do«sos n«lministcri*d to jwiicnls with jmiiplluitary dwarfism 
lia\e had little effrrl. More rrvcnlly, preywrolloiis of the honnone 
from primate .sotirres, triclmling htinian pituitary glmds, Imvc 
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(lenioiislralod the iiiiporlanceof sijccte\j>jx.*cifidty. Piirifipcl hiiinnn 
growth honnone, adniinislprwl to i»aliciits in minute amomils. 
produces growth in length of the bones am! n-lention of nitrogen. 
In an early report there is one instance in w liich the hormone from 
human material, ndministeitHl to a pituitary dwarf over a jwriod of 
eleven months, le«l to a growth rale of 2.0 inche.s per year. 

Ilenneman and his co-workers reported, in lOCO, Hint tliey gave 
intramuseul.ir injections of 0.2-10 ing. daily of htimiin growth 
honnone (IIGII) to ten patients and found that it pmdiiecd reten- 
tion of all cellular elements meaMireil, increased calcium nhsoriv 
tion, and probably mobilired fat. At these dose levels llie chemical 
response wane«l after three to four weeks of continuous tmilmenl; 
responsiveness was restored by a rest jiorlod of twelve dH,\.s. Of 
the ten patients treated, fis'e had open epipliyses; of these, linear 
grow Ih was stimulated in tlireenml probably in the other two. The 
most consistent an<l sensitive indices of re.sjmnsc to IIGII were 
decreases in urinary nitrogim, sodium, and i>olussium. 

TJIYKOID nOHMONK 

Cretinism, u form of <iwarfism and mental deficiency resulting 
from tlijroid insuflideney, has been oI)ser\-ed for centuries. It dhl 
not become a well-establishe<l entity, apart from other forms of 
dwarfism, until the function of the Ihymh! gland was diseoven'il} it 
then Iweame know n that luck of the internal secretion of this gland 
causes a general rclartlation of skeletal development and gmwth. 

llemoval of the thyroid gland, in j-oung rats, leads to n marked 
slowing of growth. The skeleton resembles those of li^-pophysco- 
tomiml rats, in its small .sire, but there arc imimrtnnl diffcmiecs. 
The epiphyseal cartil.iges arc not sealed by Itony plates; some 
ero'.ion continues; and the primary sjKingiosa retains its cbaracler- 
islic apfK'ararice. Nonnal growth is resumed sshen thyroid honnone 
is administered. Growth in tliyroideclomlrcd rats can also !« 
ehcileil hy injection of growth honnone, although they are rvlatis’e- 
ly insetiMlise to this treatment, niyroxin injected into nonnal rats 
cjiUM-s no inen-ase in Ixidy length, hut it has a synergistic effeel 
when mlininistered together with grow Ih honnone. .Ml these ob'cr- 


100 



Androgens and Conadofropitis 


valions jmint to a non-specific efTcd U|K)n tlje growth of bone; they 
may l>c intorprclod as reflecting indirect cfTects of the action of the 
tJjyroid secretion on iiictabfdisni in general. 

OvTrdos-es of ihyrovin in cxtwrinientn! animals may lea«l to pre- 
mnlure closure of the epiphyses nml consequent cessation of 
growth. The same cfTects may follow' admimstnition of thyroid to 
children in an effort to promote growth. A leiiii*orary increase in 
tlio rate of growth may occur, hiil the final result may Im> undcsir- 
nhlc. Itelanhition of growth of the long bones has also l»een reported 
in clinical hyix-rthyroidism. 

The thyroid hormone with the highest biologic activity, nniotinl- 
ing to from five to ten times that of thyroxin is .'J,5,3'-lriiodotiiyro- 
nine; it represents 5-7 per cent of llic toUf iodine in the gland. The 
mixture of four iodothyronines, of winch thyroxin is the nioit 
nhuniiant, may l>e considered as the physiologic hormone, since nil 
are present and each has biologic activity. 

ANPROOESH ANU) CONAPOTimi’lVS 

The chief sourri* of goiwd-stnmil.iling hormones is from the 
placenta; these hormones appear in large amounts in the urine 
during pregnancy; because of their origin, tliey arc railed chorionic 
gonadotropins. Their cfTects are .simitar to, hul not klenticiil willi, 
titusc of hormones elaborateil by the anterior lobe of the pituitary 
glniwb ^Yllen they are administered to male animula, including 
man, they have certain elTrct.s iijkhi the grow Ih of Ixinc, resi-inbling 
those of the male hormone* or androgens. Since the rflccls of the 
gonadotropins ape the n*sult of incrcaseil prmhiclinn of andn^gens, 
the two groups of stihstanees will Ik* ronsidereci together. 

The long Ixmcs of rats castrated at the age of twenty-one ilays 
and killed when one year of age are significantly shorter Ilian those 
of control rats. Largi* iloses of androgens depress gniwlh or have no 
cfTcel. In the human male the influence of the gonadotropic hormones 
of pitnitars* origin is correlated with the gniwth that occurs 
nonnally at tlie age of pulaTly. In the female, gonadofrojiln js not 
often Used to imhicx* growth; IcsloslcRMie may lie ilseil instead. 

The eliorioiile gnnailotropms arc considereil hy some to lie (he 
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most reliable growth-promoting substances available. They have an 
accelerating effect upon growth during childhood, as well as at 
puberty, but give rise to premature development of secondaiy sev 
characteristics. Induction of sexual maturity mth chorionic 
gonadotropins maj* be useful in preparation for the administration 
of growth hormone. Reports that they lead to early closure of the 
epiphyses are now discounted. 

INSULIN’ 

There is interest in the role of insulin in promoting growth, and 
an insulin-like action of growth hormone has also been deserilx’d. 
By using a slow-acting insulin in gradually increasing doses, an 
average increase in weight of 36 gm. in fifteen days has been at- 
tained in completely hi-pophj-sectomized rats. Control rats ate less 
of the same diet and did not grow. These findings are believed to 
demonstrate that insulin may stimulate growth, and they strength- 
en the possibility that decreased liberation of insulin may be one 
of the factors limiting growth In hx'pophysectomized animals. 

On the other hand, an effect on glucose uptake of the diaphragm 
from a normal rat, similar to that observed with insulin, has been 
demonstrated under the influence of growth hormone. The effect is 
absent when the rat is made diabetic, but it returns when diabetic 
rats are injected with insulin. It is postulated that the effect is due 
to liberation, by the growth hormone, of insulin held in an inactive 
state in blood or tissue. These obser\'alions, while only suggestive, 
point to the possibility that insulin may be one of the factors regu- 
lating growth. 

DWARFISM 

There are probably few cases of dwarfism, apart from cretinism, 
in which the retardation or cessation of growth is attributable to 
the absence of any one hormone. Interest has been centered largely 
on dwarfism ascribed to insuffidenej' of the anterior lobe of the 
pituitary gland. The syndrome of hypopituitary dwarfism, how- 
ever, frequently includes genital retardation or infantilism and may 
include cryptorchidism; this syndrome is known as panpUuitary 
dwarfism. 
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SJuijliup of pronlJi rPMilling from liy|)ollivro)<Ii'!m is easily 
nwfrniml, nial tlic tri*nlwcnl is siiedfie. The fJiJTcn'ntjfllion Ih*- 
l«cen hyi*oj)il«ilar3’ tlwarfi-fni, primordia! dttarfism, and constilji- 
(ional delay of and <iowlopme«t is di/Kcull in cliildhood; 

the diagnosis is often cstahKshed only lowanl the em! of the period 
in wliieh growth is jmssihlc. The hjiKipitnitnry liwiirf has niarkeii 
delay in epiphyseal ossification and fusion hut differs from the 
hypolliyroi*! dwarf in that the skclcUii proiwrlions assume the 
mature type and that epiphyseal dysgi^nesis does not occur. The 
])rimon!ml or gentlie dimrf, represented !>y the Pygmy, has rela- 
tively nonnal epiphyseal «lcvelopmeiil and cvhihils no gonado- 
tmjiic or other homionnl defieienej*. The dwarfism that occurs ns 
the result of ornrian agene.*i» resemhics the primordial tyjx*. 

.\s indionled alwve, growth honnone from human pihjilary 
glands has prf><!nce<l linear gmwtli and retention of nitrogen, f«l- 
ritirti, smiiurri, ami (Krtassiutn tn hitman subjects. Species sfiecifieity 
has Jh'ch demntislrnted, and the efReacy of the hormone from jiri* 
mate sf)urcc.s no longer remains in douhl. Piirlher progress in this 
rf'iKcl will dc'iieiid upon dewlopmg adequate sourees of material 
that ean l>c iiseil in patient.s with pituitary dwarfism. 

Chorionic gona<lotropin and prcp-initions of gonadotropin fnim 
pituitary sources are- in use for Irenlmenl of sexually immature 
dwarfs; thyroxin ami androgens are also of pmetieal value. Gonado- 
tropins, when npplicahle, are preferahle to sex honnoncs for young 
jKilients Iwaitisc they stimuhite rather than dcprc.ss gonadal fune- 
lion; as a rule, testoslerrme is prefermJ in females. Synlhetie hor- 
mones, .sucli as dielhylstillx'slnd, arc ns effective «s natural fetiiale 
H'\ honnone.s; when administered in ej'clcs they are helpful in 
duarfism a.ssoci.ited with ovarian agenesis. 

lleeaiist* of the undedrahility of inducing sccondarj' sex cliar- 
nrterislies premialiirely, gonad-stimulating therapy should not 
l)egin until the patient is almut fourteen years of age. The consensus 
now is that premature epiphyseal closure*, following ndminislration 
of gonadotropins, need not Ik* fearesl; contrary results arc rrporleil 
after testosterone. 
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HOnMONAIi REGULATIOX OF IKTECRITY 
OF ORGANIC MATRIX OF BONE 

Since physiologic lurnoTCr afTecls both the mineral and organic 
constitutents of bone, it follows that there must be continuous de- 
struction and rebuilding of the organic matrix. It appears that 
collagen itself is slightly, if at all, subject to metabolic turno%er; it 
requires replacement only when destroyed by resorption. Once re- 
sorption has occurred, rebuilding follows; this is best seen in the 
haversian remodeling of compact bone. There is an increasing body 
of evidence that this rebuilding is under honiional control and, in- 
deed, that there exists an antianabolic as svell as an anabolic factor. 

current view is that the sex hormones — androgens and estrogens 
— provide the anabolic factors and that the adrenocortical hor- 
mones — cortisone and hydrocortisone — are antianaboHc in their 
effects. According to this view there is a balance betnecn the pro- 
duction of the sex hormones and the adrenocortical hormones 
^^hich, under nonnal circumstances, results in a balance betn'ecn 
matrix destruction and matrix rebuilding 

The integrity of the organic matrix, as nell as iU normal grou th 
and development, depends also upon an adequate intake of vita- 
mins A and C. For this reason the influences exerted by these 
vitamins upon bone are considered together wth those of the 
hormones. 

ESTROGENS AND BONE 

Steroid hormones, both natural and symlhetic, that are capable of 
producing estnis, also lead in certain experimental animals to 
specific effects upon bone. More than forty compounds with estro- 
genic acti\nties are known, of which estradiol and estrone liave been 
isolated from the ovaries and ate the prototypes for the group. 

Present knowledge concerning the relationship of estrogens to 
postfetal osteogenesis i.s obsaire in all animals except birds. In 1934, 
Kyes and Potter obseiwed that female pigeons, during the pre- 
ovulatory phase of the egg-laying cycle, produce a secondary sys- 
tem of spongy Iwne arising from the endosteum and growing into 
the marrow cavity. These intramedullary deposits of new bone, a 
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stwiidarj’ sex diamrlerisUc, de\-clop (imlcr Ihe influence of estro- 
gens, and serve llie jnirpOM? of storing calcium to lx* used later for 
calcification of tlie egg sliell. IntramcHlullarj' Ijone ilevelops imlu- 
rally in llie females of all a\*ian species studied; it may also Ik.* pro- 
duced in either males or females, by administration of estrogens. 
In Juice a .similar reaction csin W produced by estrogen injections, 
but it does not occur naturally during rcproduclioii. Still another 
reaction to estrogen, that of inhibition of re.sorjition of the spongy- 
Iwne of the inet«phy.sis, ran be seen in the growing ntt. 

The rule of estrogen in (he regulation of calcium and Imnc 
nicta?)olism is more highly developed ami easier to stmfy in the 
domestic chicken than in any other animal. In the laying hen estro- 
gen Controls, simultaneously, tJie fonnntion of pr(*lein and its 
transport together with calcium for the developing egg yolk, n.s 
well ns the formation nti<l ejileificjilion of inlriime<hillnry Ijonc, for 
later use in the euleification of the egg shell. During the initial 
fourloendiour phase of the egg-laying cycle, the plasma culeiinn 
jjiay rise to three times the normal level. Tite calcium ailded to the 
serum is Ijound to a phosphoprolciu (Xi) as u jion-ionircd, non- 
ultrufiUcniblc complex. This is pirwUieed by the liver, in association 
ssilhalipoglycophospholipid bjjoprolcin (Xj). The l\so proteins are 
very large molecules in transjwrl in tbc phisma njid serve as pre- 
cursors to the granules of the egg yolk. These proteins do not e.xist 
in the plasma without a large complemcjil of enlcinm, and they are 
dep<“mlent Hf»on calcium for transportation from the liver to the 
yolk S.SC in the fonn of osmolically inaclisx* unilj,'. The hyi«T- 
ctdcemia of Xr-Xj proteins is nl'x* found sluring egg production or 
following estrogen treatment in the ptasum of fish, frogs, turtles, 
ancl viviparous snakes (Fig. CO). 

It is the diffusilile nmf not the protein-lioiiml fraction of the 
plasma calcium that is concerned tvitli calcification of the egg shell. 
During the final ten hours of the egg-laying cycle, csjK'cially at 
night when the hinl is not feeding, the egg re.sls in the uterus for 
dcijosilion of the eidcifiei! egg shell. During this time, by Mime 
stimulus that is not known, Iml not by action of the jiaralliyroid 
hormone, the calcium is inabitircil from the intrame<!ullary Ixme 
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wliich undergoes extensive resorption. The calcium is transferred 
from the skeleton to the egg shell and is redcposited as calcium 
carbonate; the phosphate is excreted in the urine. 

It is easy to follow the transformations of the cells in pigeons 
during the rapid and extensive changes in the bone marrow under 
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Fig 30 —Composite sdilieren patterns ot the scrum (abort) oF a normal roaster, 
and (btlow) of a heavily estrogenizcd rooster. A'l and .Vj are non components sccretetl 
by the liver into the plasma in the form of complexes with calcium. (From original 
of Fig. 1, Urist, Schj’eide, and AfcLcan. Endocrinology. 63:573. Itcproduced by 
courtesy of the publisher.) 

the influence of estrogen. During the preo%'ulatory bone-forming 
period, reticular cells become osteoblasts and then, in turn, become 
osteocytes. In the bone-destroying phase after o%'ulation of the first 
egg, osteoblasts and liberated osteocytes become osteoclasts; the 
osteoclasis may turn into osteoblasts during the second yKriod of 
bone formation. In the post-ovulation period, osteoblasts and 
osteoclasts again become reticular cells. 
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When cslroifCDsaread/niiijitered to mire, n similar, aU}»oug}» not 
ulentical, reaction tregiiis in the spongv' lionc of the mclnpliysis nnd 
grows into the marrow c*av5ty by direct extension. Ncwlx>rn mice do 
not respond, but after ten days of growth atid until senility the 
skeleton is always «ij>ahleof pmdiidng large srzjoijnlsof endosteal 
l>one. Within the limits of tolerance of the animal to the hormone, 
the yield of new bone is proportional to the dose and the period of 
administration; it may e\xntually fill the entire marrow cavity 
(Fig. 91). There is no inhibitory or .synergistic action by progester- 
one, deoxycorticosterone, or testosterone or by anterior pituitary 
growth hormone, gonadotropic honuonc, or adrenocorticotropic 
hormone. Experiments with C'Mabeled estrone indicate that there 
is a selective deposition of the hormone in the endosteum; its fur- 
ther fate is not known. 

TIjc formation of endosteal bone in the mouse under the influence 
of estrogens has not been shown to reflect any physiologic function. 
JJone formation is not followed by rapid resorption as it is in the 
bird; when administration of the hormone is discontinued, there is 
gradual removal of the excess bone. During pregnancy, when large 
amounts of estrogens arc being excreted in the tjrine, neither the 
fetal nor the maternal skeleton exhibits medullarj’ bone formation. 
N’or has it been possible to induce new-lwnc formation in either 
mature or immature mice by stiimilaling the animal’s own ovaries 
by large doses of gonadotropic honnones. Moreover, estrogens im- 
phtntci] in the bone.s, in the form of pellets, produce only the usual 
8y.s(cnuc effects, with no special local reaction. During the period 
of new-lwiie formation the scrum cidcium, inorganic phosplialc, and 
alkaline phosphatase levels remain within nonnal limits. 

Admini.slration of estrogens to young, growing rats leads to 
suiicrftctsUy simihr, hut es’^ntially diflcreiit, effects frmn those 
seen in birds and in mice. No formation of new l>onc is observed, 
but the resorjition of metapl^'scal bone is inhibited, with the result 
that fora distance of scveraljnillimeters in the marrow cavity there 
is an elongated core of unresorbed spongj’ Imnc (Fig. 29). The ef- 
fects of estrogens on the Ixines of the rat are limited to this .specific 
action njion one p.irt of the growth apparatus, concerned only with 
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Fig. 21. — Roentgenogranu of fraiars of mice to illaitrste formation of new Iwne 
within marrow cavity under inHtiencectf sultsUncea with estrogenic ecti\ity. Utter- 
mate CFi mice treated with large doses of dielhjtslllbcstrol In corn oil, .1, control, 
injected witli 0.4 cc. of corn oil. fl, 6 0 mg. in 5 weeha; C, 14 0 mg. in 15 weeks; D. 
16 0 mg. in 17 weeks. The tolunie and distnbuticm of the new twine ran lie deter- 
mined as accurately by roentgenograms as liy histologic sections. (From originals of 
Fig. 3, Uriit, Budy, and McLe.in, J. Bone & Jmnt Surg..32A: IlG. Reproduced t>y 
courtesy of the publishers.) 



t a I 


Pio. ?■{.— -SccUofw to illinlnile ioliilntion of resorption of sjmiiposa, '\illi niay> 
<jucnl inercflsc in lenfTtli, fniiowini? a<lmintstralinn of estropens to inirnaturv rats. 
I’liolomicrDRraphs of the proximal cnifs of tihias. /^/f. mntrol, njAf. inermsc in (lie 
length of (he spongiusn lip io 6-f> mm. resulting from administnitliin of 8 0 mg. of 
17-tf estradiol fictizonlc over a period of 5 neeLs Ifeinaloxjlin-crwiri-rrurc II. 

(Pix'Mi original of Vig. ?. l’ri.»t.n«»lv,*»i«J McLean, JVoc Sjo. Kxpor. IJjoI. i 
.MeiL, S8:3fd;aml Figs 1 sml 4,nin|v% rriisl.anii Mi l4-nn,An). J. I'at}i.,28:1157 
■n<l 11(53, neproiiucrj liy tswriieyf of the puhllshexs.) 

iJjat the inhibition of n’sorjdioii by cstroL'fn >» the young nit «f* 
fccts only the eoix's of sccomlaij" sponpiosa, tis obs^riTil in llic long 
bones; tlie resorption tticiilcnl to jnsiwtii in length am! the ac- 
companying nnnoilelltig is not influcnct-il Iiy tlie hormone. 

(niinca pigs, hamslcp*, raUiits, kittens, ami pnpjiies imvc fiiilcil 
to vshoiv any sjiccific skeletal n*s|*on>.e to administmtion of eslro- 



Regnlaiortj Processes and Bone 


gens. Administration of these hormones to man, particularly in the 
presence of osleoporosis, has led to equivocal results; there seems to 
l)c no basis for extrapolating the effects on birds, mice, and rats to 
man or to any species other than those named. 

CORTICOTROPIN (aCTII) AND ADRENAL 
CORTICAL STEROIDS 

]\[any steroids, some with biologic activity, have been isolated 
from the adrenal cortex; others, with similar activities, have Iicen 
synthesized and are widely used in medidne. Those concernetl in 
gluconeogenesis arc classified as gluco-corticoids; they have sys- 
temic regulatory plu'siologic effects. The naturally occurring gluco- 
corticoid nith the most important action on the skeleton in man is 
hydrocortisone (17-hydpoxycorlicosteroiie). Elaboration of this suli- 
stance by the adrenal cortex, as well as of cortisone (Il-dehydro-17- 
hydroxycorticosterone), is under the control of tbe anterior lobe of 
the pituitary gland, mediated by secretion of the adrenocortico- 
tropic hormone (corticotropin; ACTII). Production of gluco-corti- 
coul hormones by the adrenal cortex continues after hypopliy- 
scctomy, but at a reduced rale. 

Insofar as the adrenal corticosteroids affect the growth of bone, 
the effects appear to be non-specific and secondary’ to the systemic 
regulatory functions of the hormones. Overdosage, either of ACTII 
or of the gluco-corticoids, leads to loss of nitrogen in the urine and 
feces, attributed to an interference with the metabolism of proteins. 
In young growing animals there is also an adverse effect upon the 
growth apparatus, resulting in a slowing of growth. Similarly, re- 
tardation of healing of experimental fractures in animals, as a result 
of administration of gluco-corticoids, is attributed to depression of 
osteoblastic activity. 

The adrenal gluco-corticoids assume major importance in rela- 
tion to tbe skeieton in Ciwliwija ajindrome (lijjTveTCOTliaowsjn), in 
which there Is hypersecretion of the corticosteroids. This was 
originally attributed to a basophil adenoma of the pituitary gland, 
but overaclivity of the adrenal cortex may result from other causes 
or may be associated with a primary hyperplasia or tumor of the 
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cortex ItseJf. The condition has a characteristic consteliatiou of 
sj'Tnptoms;the effect upon the skeleton is a marked loss in the mass 
of bone (psteoporoais; oaleopenia); often accompanied by fractures. 
Similar effects are reported following long-continued administra- 
tion of exogenous corticosteroids, either natural or s^mtlietic, al- 
though there is not a one-liv-one correlation Ijetween dosage and 
skeletal effects. There are continuing efforts to modify the steroid 
molecule in such a way as to enhance the desirable physiologic or 
therapeutic effects, while reducing the undesirable side effects, such 
as osteoporosis; in no instance has it been demonstrated that the 
risk of osteoporosis can be lessened bj’ use of newer compounds. 
The relationship of the corticosteroids to osteoporosis is treated at 
length in a subsequent chapter. 

The adrenal cortex also secretes substances with mineralo-corti- 
coid activity, of which the most important is aldosterone; its role in 
mineral metabolism is considered in connection with homeostasis 
and control of the electrolyte pattern of the internal environment. 

\nTAMIN A 

The term vitamin A has been applied to at least five substances 
that produce a characteristic response in the animal body. There 
arc vitamin A itself, found exclusively in the animal organism, and 
the provitamins A or carotenoid pigments which are converted to 
vit.nmin A in the intestinal tract of animals. The most important 
naturuliy occurring provitamins A are o-, and y-carotenes and 
cryploxanthin, of which ^-ca^olcnc is most widely ilistributed in 
nature; it is found in association with chlorophyll in all green 
plants. 

Utilization of vitamin A involves cellular metabolism, particu- 
larly in epithelial cells; its fonnation from precursors; storage am! 
mobilization; absorption and transport; and specific function in 
vision. The vitamin plays an important role in the metabolism and 
growth of bone tissue. It is essential for the activities of epiphyseal 
cartilage cells, for without it they cannot carry out the sequence of 
growth, maturation, and degeneration of the grow’th apparatus; 
this failure results in suppression of endochondral grow th of Ixine. 

Ill 
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Komodeling sociuenccs also cease to opcralc; appositional growth of 
bone of perioslcal origin conljnues. These effects lead to abnonnali- 
ties in tiie shape of the Imiics; the failure of certain bony foramina 
to enlarge brings alxjut pressure on various nen'cs, resulting in 
their degeneration. 

Excessive amounts of vitamin A lead to fragility and sub^equent 
fractures in the long bones. These effects result from excessive 
osteoclastic resorption, particularly In regions of active remo<leIIng. 
Fragments of crystalline vitamin A acetate have been attached to 
small pieces of parietal bone and implanted Into the c-crehral hemi- 
spheres of liltcrrnalc rats, llesorplion of the grafts, aeeomiianied 
by numerous osteoclasis and often leading to perforation of the 
Ixinc, was apparent within fourteen days. This is interpreted to 
indicate that vitamin A, like parathyroid hormone, has a local ac- 
tion on the osteoclastic resorption of bonej this is not accompanied 
by any effect on the serum calcium level. 

Information aliout tissue changes resulting from vitamin A de- 
ficiency is based on observations on infant.s and young children, 
where presdous storage of the vitamin is limited; it is not usually a 
simple ileficiency state. Avitaminosis A rarely occurs in adults, and 
then onlj' in association with a very prolonged intake of Inadequ.ale 
and unbalanced diets deficient in many dietary essentials. Since the 
effects of vitamin A tieficicncy may be presmted by very .sm.all 
amounts of the vitamin in the «liel, and since hypcrvitaminosi.s A 
results only from ingestion of very large amounts, neither ilisorder 
I s likely to occur except under experimental or unusual conditions. 

VITAMIN c 

Vitamin C, or ascorbic acid, is ividely distributed in the plant 
and animal kingdoms; il is present in abundance in many frcsli 
vegetables and fruits but is entirely lacking in the common cereals 
and grains. All pure vitamin C Use<l in pharmaceutical products is 
prepared synthetically. It is a dictan' essential for man, other pri- 
mates, and the guinea pig but can lie synthesized by other species. 
In animal tissue the highest concentration of the vitamin is found 
in the adrenal cortex, eye lens, and liwr tissues. 
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The mctubolic consequences of expenmentat vitiimin C ile* 
ficicncy in susceptible animals arc restrictetl to tissues of niesen* 
cb^Tual origin and are characterized by failure of fonnation and 
mainlen.'iDCe of intercellular nmtemU, All intercellular substances 
of the supporting tissues — bone, cartilage, fibrous connective 
tissue, and dentin — haw in common a ritatrix largely made up of 
collagen, and it is this inatorial that in tcurvij either is not produced 
or is produced in defective form. As to bone, deposition of the ma- 
trix ceases and osteoblasts assume the form of reticular cells. The 
mechanism of calcification itself is not aifected, but abnormal con- 
nective tissue formed in bone diiiing v'itamin C deficiency is not 
calcifiable. The effects of the deficiency are reversible and are rapid- 
ly corrected when ascorbic aci«l is supplied. 

There is no evidence that the vitamin has any deleterious effects 
when supplied in excess, and there is no rationale for its use in any 
conditions other than i!.s deficiency. 
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also exercises control o\-er the excretion of pliospliate bj- the kid- 
neys and aids in influencing the absorption of calcium in tiie 
gastrointestinal tract. Vitamin D, on the other hand, is the major 
influence upon the absorption of calcium; by this means it controls 
the mineralization of bone by assuring an adequate supply of the 
necessar}’ materials. Mtamin D also exerts an effect upon mobili- 
zation of mineral from bone, complementing the action of the para- 
thyroid hormone in this respect. An oversimplified version of cur- 
rent views would be to say that vitamin D influences mobilization, 
in proportion to its formation and intake, and that the parathyroid 
glands are called upon to balance Ibe interjilay between ilietar\ 
intake, absorption, urinary and fecal excretion of calcium, and the 
regulatory effect of vitamin D. In support of the view of a syner- 
gistic action of Wtamin D and the parathyroid hormone it may be 
mentioned that both promote the formation of citrate in bone, 
although by different mechanisms, ami that both thus contribute 
to whatever effect bone citrate may have upon the transfer of 
calcium from bone to blood. 

The enlargeaicnt of tlie paratliyroid glands obser\’ed in rats on 
diets deficient in both calcium and vitamin D, and believed to rewilt 
from the deficiencj* in calcium, has been attributed by Crawford 
et tjl. to tlie deficiency in vitamin D, since hypertrophy of the para- 
thyroids did not occur when the rats were fed diets \-ery low in 
calcium, but with an adequate supplement of vitamin D. Bloom 
ei d., however, have reported that hypertrophy of the parathyroid 
glands occurred when laying hens were placed on a tlict low’ in cal- 
cium but adequate in all other comjjonents, including vitamin D. 
Wiile the state of the parathyroids, in the two species, cannot be 
correlated with the litamin D intake, there is good correlation 
between the plasma calcium lex’cls and tfie size of the parathyroids. 
In the rats the serum calcium was maintained at near normal levels 
by the action of vitamin D, at the expense of the skeleton; in the 
hens, however, the serum calrium was markedly depressed, in the 
presence as well as in the absence of vitamin D. The conclusion 
seems warranted that hypertrophy of the parathyroids was the 
result of n low’ plasma caknum lei*el, rather than a direct result of 
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Regulatory Processes and Bone 
B. Vitamin D-Parathyroid Complex 


Higher organisms are possessetl of systems Vihtch comprise 
mineralization and resorption of bone in addition to exchange of 
the ions of the bone mineral with the fluids of the body. Closely 
allied with these physiologic activities is the homeostatic control 
of the calcium ion concentration in the blood plasma and in the 
other extracellular fluids. In the functioning of these systems, the 
organism controls absorption of calcium and phosphate and their 
excretion, making use of the gastrointestinal system and the kid- 
neys, both for conservation of needed elements and elimination of 
any excess. Operation of such complex and interrelated functions 
requires integration of regulatory mechanisms, under central and 
humoral control. Of the controls, the most important, insofar as the 
metabolism of calcium and phosphate is concerned, are vitamin D, 
both endogenous and exogenous, and the parathyroid hormone. So 
closely interrelated are the functional aclndties of the parathyroid 
hormone and of vitamin D that it n-ill serx'e our purposes to regard 
them both as component parts of an integrated system, which 
exercises control over the mechanisms required for proper function- 
ing of the organism as a whole. 

It was suggested very early that the vitamin and hormone might 
act by influencing each other; this, Iione\*cr, has never been demon- 
strated, and it is now assumed that each makes its own contribu- 
tions to the regulatory processes- To stale these briefly, the para- 
thyroid glands monitor the calcium ion concentration in the plasma 
and apply the necessarj' corrections, mainly by influencing the 
mobilization of calcium from the skeleton; the parathj’Toiii hormone 
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alao exercises control over the excretion of phosphate by tlie kid- 
neys and aids in influencing the absorption of calcium in the 
gastrointestinal tract, ^^tamm D, on tlie other hand, is the major 
influence upon the absorption of caldum; by this means it controls 
the mineralization of bone by assuring an adequate supply of the 
necessary materials. "N^tamin D also exerts an effect upon mobili- 
zation of mineral from bone, complementing the action of the para- 
thyroid hormone in tliis respect. An oversimplified version of cur- 
rent views would be to say that vitamin D influences mobilization, 
in proportion to its formation and intake, and that the parathjToid 
glands are called upon to balance the interplay between dietary 
intake, absorption, urinary and fecal excretion of calcium, and the 
regulatory effect of vitamin D. In support of the vien- of a syner- 
gistic action of vitamin D and the parath^Toid hormone it may Ije 
mentioned that lioth promote the formation of citrate in bone, 
nlthougU by different mechanisms, and that both thus contribute 
to whatever effect bone citrate may have upon the transfer of 
calcium from bone to blood. 

The enlargement of the parathyroid glands observed in rats on 
diets defldent in both calcium and vitamin D, and believed to result 
from the deficiency in calcium, has been attributed by Crawford 
ft al. to the deficiencj' in vitamin D, since hypertrophy of the para- 
thyroids did not occur when the rats were fed diets verj- low in 
calcium, but with an adequate supplement of \ntamin D. Bloom 
ei of., houever, have reported that hjTjerliophy of the parathyroid 
glands occurred when laying hens were placed on a diet low in cal- 
cium but adequate in all other components, including vitamin D. 
Wiile the state of the parathyroids, in the two species, cannot be 
correlated with the vitamin D intake, there is good correlation 
between the plasma calcium lex'els and the size of the parath3Toids. 
In the rats the serum calcium was maintained at near normal levels 
bj' the action of vitamin D, at the expense of the skeleton; in the 
hens, however, the serum calcium was markedly depressed, in the 
presence as well as in the absence €>f ritamin D. The conclusion 
seems warranted that hypertrophy of tljc parathj-roids was the 
result of a low plasma calcium level, ratlier than a direct result of 
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a deficiency in vitamin D. TJiis seems to negate earlier conclusions 
that vitamin D acts through its influence upon parathj-roid ac- 
ti%’ity. 

VITAMIN D 

Numerous contributions on the role of vitamin D in calcium 
metabolism, and on the mo<le of its action, are now appearing, in- 
cluding studies at the cellular lewl. \^tamin D, whether endog- 
enous or exogenous, may be regarded as essential to the total 
system which includes calcium metabolism and mineralization of 
bone; its effects are made manifest in a variety of ways. 

The term vitamin D was originallj' applied to the factor In cod 
liver oil responsible for its anlirachille potency. It is now used to 
refer to two or more fat-soluble steroids with antirachitic activity 
and also the abihtj to elevate the serum calcium level, by influenc- 
ing the mobilization of mineral from bone. Two forms of vitamin D 
are nell characterized chemically. Vitamin Ds, or calciferol (ergo- 
calciferol) is obtained as one of the products of activation of ergos- 
terol. Vitamin Dj (cholecalciferol) is the naturally occurring anti- 
rachitic factor in cod li%’er oil; it can also be prepared by activation 
of 7-deliydrocholesterol. These two forms of vitamin D possess 
equal antirachitic potency m man. Diliydrotachysterol is closely re- 
lated to calciferol; it has negligible antirachitic potency but has 
calcemic activity. The current trend is to rcganl it as a form of 
vitamin D. Since there are now several sterols posse.ssing anti- 
rachitic and calcemic properties, in varying proportions, chemical 
identification and characterization should be the basis for nomen- 
clature. 

The antirachitic activity of vitamin D, in prophylactic doses, is 
effected mainly by its influence upon intestinal absorption of cal- 
cium. In %ery large doses, 50,000 I.U. or more daily, vitamin D 
exhibits a marked calcemic effect, resulting in an Increased con- 
centration of calcium in the blood plasma — an effect .similar to 
that produced by parathyroid extract. This subtoxic action of the 
vitamin and of other chemically reUled sterols is made use of to 
raise the level of serum calcium in hj-poparathyroidism. In even 
larger doses the effects are manifestly toxic and result in hypertl- 
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laminosia D. This is associatwl w-itli resorption of bone, comparable 
to that induced b^- large doses of paralhjToid extract. In the young 
rat there follcnrs a njarkwl increase In the trabeculae of the spongj* 
bone of the metaphysis. This new bone is calcified poorly or not at 
a)!, in spite of hypercalcemia and a consequent elevation of the Ca 
X P product; this is the result of production of an uncalclfiable 
matrix and has been designated as kypemtaminosis D rickeh. 

Although the earlier idea of a direct effect of vitamin D on bone, 
by wbicb calcification is promoted, lias been largely supplanted by 
the view that the direct effect leads to mobilization of calcium, 
rather than to its deposition, there are still mlhcrents to the earlier 
ww; ^ligicovshy has continued exploration of tins possibility, 
with cquix-ocal results. 

PAUATItTROID IfORStOXE 

The parathjToid glands supply an internal secretion, the paru- 
thyroid hormone, intimately concerned with tlm regulation of the 
calcium Ion coneentratton in the blood. The pritnarj’ target of the 
hormone, in this respect, Is the skeleton; regulation of the plasma 
calcium level is also indirectly aided by an effect upon tubular 
reabsorption of phosphate by the kidneys. Enhancement of actii’C 
transfer of calcium across the gut wall by paratiiyroid honnone 
has been demonstrated in vitro; there is also an influence of the 
bornione upon the secretion of calcium by the lactating mammary 
glands of rats. A further extension of parathjToid activity to con- 
nective tissue in general, tliroughout the organism, with its chief 
effect upon the mucopolysaccharides of the ground substance, has 
been postulated; this effect, if any, is poorly underilood. IMiile a 
primarj' effect of the hormone is upon mobilization of calcium from 
the bone mineral, there is no evidence that it influences deposition 
of the mineral. 

Ablation of the parathyroid glands lea<ls to bypoparalhiToitlisni, 
with a lowering of the ealenum ion concentration in the blood, 
frequently accompanied by tetany. An excess of parathjToid hor- 
mone, either endogenous or exogenous, leads to an incri’a.se in the 
calcium ion concentration in tlie blood and niaj’ prodicce profoun<l 
changes in the skeleton. 
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NATURE OF PAIUTIIVIIOID HORMONE 

Solution of many of the problems concerning the j)liyjiii()logic 
activity of the parathjToid hormone is being greatly aided by the 
use of a pure preparation of the active principle from the glan<ls. 
This has enabled chemical characterization of the hormone, and 
use of the pure preparation ax-oids the undesirable features of the 
cnide extracts previously available. 

Rasmussen and Craig have isolated and characteri/ed a single 
protein with a molecular weight of approximately 9500, which is 
Jiomogencous by countercurrent distribution, paper and column 
chromatography, and ultracentrifugation; contains no cystine; and 
possesses a single end-terminal amino acid, alanine. The amino acid 
composition of the pure bovine hormone is known. The j)rescnl 
evidence indicates that this hormone consists of a single pol,q)cp* 
tide chain, which can be partially hydrolyzed witlioul comjiletc 
loss of biologic activity. The pure preparation has both calcium- 
mobilizing and pliosphaturic activity; there is now no supjmrt for 
the view’ that the parathyroid glands elaborate two Iiomioties. 

EVOCATION OF SECRETION OF PARATHYROID HORMONE 

The homeostasis of calcium constitutes a special case among the 
cations of the blood plasma. Homeostatic control of the concentra- 
tions of other cations of the fluids in the Iiody, and of their reten- 
tion or excretion by the kidneys, is exerted by integration of neural 
and hormonal factors. Tlie parafhjTohl glands, insofar as is known, 
act as the receivers of information concerning the calcium ion ixm- 
centration in the plasma and Uiem5ehx?s respond, by clabonition 
or suppression of secretion of the parathyroid honnone, to apply 
any necessary correction. Tlicir function is thus accomplislicil wilh- 
owV partwipatwiw of Uw cewttal wetvoiis system, tlie adenohypopUy- 
sis, or the adrenal cortex; Ihe existence of a ^larathj'Totropic hor- 
mone, el.iborated hy the anterior Iol>c of the hypophysis, is no 
longer siijjporlcd hy any evidenro, amf the idea of such a direct 
link between the jiiluitary and the jianilbyroids has illsapjx-arfd 
from modern endocrinology'. Palt and Luckliardt, in 1912, were 
able to demonstrate, by jicrfusion of the parathyroid glands with 
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serura depleted of calcium, tf>al these glands respond directly to 
a lowered concentration of calcium in the plasma by increased 
activity. All current evidence supports this obser%’ation. 

It is beliewd bj* some that the concentration of organic phos- 
phate in the plasma also c\erls an influence upon the secretory 
activity of the parathyroid glands; according to this view, an in- 
crease in phospliate concentration in the plasma may lead to in- 
creased secretion of the parathyroid hormone. Such evidence for 
this as exists is indirect and inconclusive; now that it has been 
demonstrated that the paralhyroitls secrete only one hormone, 
having both ealcemic and pbosphaturic activity, the case for a 
second stimulus, acting through the parathjToids, is weakened. 

MODE OF ACTION OF PlRATIITROm HOTIMONE OX BONE 

Almost from the discoverj* of the active principle of the para- 
thyroid glands and of the influence of hyperparathyroidism on the 
skeletal system there was a considerable difference of opinion con- 
cerning the mode of action of this hormone on bone. One view was 
that the effect on bone was secondary to an increased evcrelion of 
phosphate in the urine; the other was that the hormone acted 
specifically on bone, leading to resorption with solution of the Iwne 
.salt. 

These differences may now l>e reganlcil as resolved. The para- 
thyroid hormone acts directly ho//i on bone and on the kidneys; 
current effort in this area is directed toward elucidating the effects 
of the hormone on cells, and toward integration of the major effects 
into a single system responsible for what is recognized as the pri- 
mary function of the paralhyroi<ls, i-e., homeostatic control of the 
blood calcium level. In view of the intimate association between the 
pJiysio/o^aciivftiesa/Kf fat}Clions of vit-amif) Dand the parathy- 
roid hormone, such an integrated system must incorporate l>oth 
the vitamin and the homonc. 

The conclusion that there is a <lirect action of the hormone on 
l>onc rests on: (1) histologic examination of the Ixmes of animals 
treated with parathyroid extract; the changes In the bones, de- 
scril)ed as cliaracterislic of the toxic action of tlic hormone, are 
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observed even Mhen the kidneys of the animals liave Iwn pre- 
viously reino\ec!; (3) obsen-ation Umt in <logs trealcd with pam- 
thyroid extract the scrum calcium continues to rise after ii Cn X P 
product in the plasma is attained sufficient to induce caieifiailion 
in racliitic cartilage in vitro; and (3) demonstration of a direct 
effect of parathyroid transplants on Ikhic in contact with them. 
The degree to nhicli the histologic effects of toxic doses of the hor- 
mone reflect its action in physiologic concentrations is still in 
doubt. The obserx-ation of ebanges in !>onc in contact with trans- 
plants, lionever, supplies a link between strictly physiologic con- 
ditions and those in the toxic range. 

Additional convincing evidence concerning the mode of action 
of the parathyroids on bone has Ix'cn derived from experiments in 
which the hormone was used to bringaljoiit an increase in the cxin* 
centrntion of calcium aixl, bonce, of the Ca X P product in the 
scrum of dogs. The scrum of untreated adult dogs will not Imlucc 
in liiro calcification in the matrix of the liyjicrlropliic (xirlilage of 
racliitic rats; such calcification may, however, be induced when the 
Ca X P product is rais<vl cither by adding cnleiiiin or phosplmle 
to the serum, or by presdons treatment of the dog with jianitliyniid 
extract (Pig. 23). The comlilions critical for calcification, variously 
defincil as saturation, sUf)er.saluration, or meluslabillty, have lieeri 
used as indicators of the limits of biologic sohibilily. Thc'C limits 
arc exceeded when liyjx'n-alceiiiia is brought alxiul by an ex(rss of 
parathyroid hormone; on nnweiy from ibe caU’cniic efleds of the 
hormone the scrum of the dog will no longx-r induce calcification of 
rachitic cartilage in vitro. This we regan! as eonclusive evidence in 
favor of a biologic mechaiiisin for solution of the Ixuie mineral, 
under iiiniicnc-e of parathyroid cxlniel; no s;dl will dissolve Ixyond 
the limits of its vilubilily when its solution is in contact willi its 
solid phase. 

Evidence for an action of the parathyroid linnnone oti the n-nal 
tubules is ecjually convincing; llie net result is an increase in the 
excretion of jihospluile in the urine. The |x)ssibilily that this is the 
result of u liemoilynaiiiic effect on glomerular filtration has Ikvii 
excliidcil by obscrx'alioiis with the pun* honiione; the piirificil hor- 
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mnne Ix'cn slionn to t>e (Ic\-oi<! of the hcitiotlyfianiic cff<-cls 
often nitscn-cd followinp adnimislniUon of crtnle j)ana!iyniul e\- 
tnicl. TJiP fffccl on rxcrelion of plioophatc )ia« Ixrn allriljutrd to 
dcm-aseif tubular rf!ib>f»rptu,ii; mi effect on tufmtar ‘CCTrlioii bus 
not lK>cn exelinlod. 



TTme-hour*. 

lODO Uxut3 P-TE-atO ai:\1.4 hours 

t'la 43. — Influence of concrnlnition-iof »c-nimralnuni nmlscruJu ol a 

t»ff Imtol with {nrsUijmiil «tracl upon CBlcifimlion of cnrtil.ip; of a hirtuUc ml 
alien innilwtol aith wruro, Tlir doR aa« p\rii l.«») U.S utiil* of jmcbHo*""! 
cxlract at 0 hour, amJ a^in at 4 hoi«r«. Sc*un» of Mood HilJulraan at 0, 41, and 
Jimir* prwlucfyt no cnlci/KHtion «f rachitic CBrl«bj» »o c»/W •ccuni of Morjil aitli* 
(tra«n at 4,0, tf, and Iff hnur< prniltKTtl +. ++++, ++, amt +++ ralcifwa- 
tion, rcippctbcfy. (From fig. f, Xlrfxan, lipton. Itiooin, amf ItaRon. Tr Ciiit 
Mrlali. A^tKxls Convaf*~<Tnw, i4:Sl. ICcpnatuml hy courti-^j of the piiI.hAficrs ) 

NITl’IJB or CEJ,hln^»U ACTIOS* OK 
t»AU4TIIMtOII> ItOtlMONE ON* HOVK 

There ji» apn*eiJiri)l Unit l|ip influence of the p-iralbyniid hor- 
luriiu* ou linne, ns ^\cll uh iIh rffcrt‘i uinm other ti^'ties, 'tich «s 
kidney ttibules, itdesltnid cfnUirlitini. and liie inatmnaiA* plands. 
«le{«cnds on nn nction tr|KHi oelliilnr fvinditneritii; lltere i«i no 
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suggestion that the honnonc directly iiifluciiees the soluhilily of the 
bone mineral in the fluids of the body. In bojic, an action could Jk 
upon any one or more of the cells of bone — osteoblasts, osleocytcs 
or osteoclasts. 

Neuman and his collaborators have introduced a unifying con- 
cept of paralhjToid hormone action, which concludes that all as- 
pects of the action of the paratliyrohl hormone can Ik* c\plaine<l in 
terms of its ability to enhance the transport of inorganic pho'phalc 
into cells with, in bone, an associated increase in acid production 
by glycolysis. To apply this postulate to the influence of the pani- 
thyroid hormone upon the transfer of c’ccliangeablc calcium frotii 
bone to bloo<l, in terms of the localization of the labile jwol of cal- 
cium in the now and incompletely calcified osteons, rcquiri's only 
emphasis on the glycolytic cycle in these cells, and enliancemcnt of 
the solubilization of bone mineral by the olTccts of the acid so pro- 
duced. To apply it to osteoclastic resorption, wliich occurs at a 
different place, and under different conditions, in that it results In 
resorption of whole bone, as well as solubilization of tlic stable 
fraction of the bone mineral, requires a further cvjdanalion. This 
has been supplied, aKo by Neuman and his enllaborutors, who have 
dcvclopcil a chemical view of osteoclasis based on studies with 
radioactive yttrium. The\ conclude that osteoclasts are required 
for the removal of bone, ami lliat the process requires Ijolh uchl, 
or other solubilizers of l>onc mineral, and proteolytic ciir.nm-s. 
This view of osteoclasis does not differ, in theory at least, from that 
ailvanccd in this volume. 

IIOMEOST.STICKEOUWTION* 0>' rAl.ClUM lON 
CONCENTIUTIOV IS Jll/>on 

It IS firmly cslnhhshcd that the panithyroid glands play a deci- 
sive part in the homeostatic regulation o! the calcium ion wmi'en- 
tralion in the blood plasma. Tlierc is a direct correlation lietHcen 
the calcium levels in the IxmIv fluids amJ the stale of activity of 
the parathyroid glands. At all levels, however, a n'pid exchange 
of calcium ami phospliate oecuis Iwlsscen the blood and liones; 
even in the absence of the p.'iraUiyroid glands a relatively constant. 
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although lott', concentration of calcium ions is mainliiincil in the 
blood. Thus while the parathyroid ^nds are responsible for moni- 
toring the calcium ion concentration in the plasma, and while the 
stale of their activity is critical for the maintenance of a nonual 
level of these ions, other factors enter into the regulatorj' mecha- 
nism and must be taken into account. 

HOLE OF PARATimiOID CUKXD'i IS IIOMEOSTASJS 

Once it was established, onlj' a generation or so ago, that the 
parathyroid glands regulate the release of calcium from the Iwncs 
into the blood, it was commonly believed that this relatively slow- 
acting mechanism was ade([uatc to maintain a physiologic level of 
calcium ions in the plasma. Introduction of tracer methods, how- 
ever, and intreasin^ understanding of the Bno .structure of lx>np 
hai-c made it clear that the parathyroid mechanism, «'hile respon- 
sible for houf-to-hour or <lay-to-<lay adjustments, is not alone 
Rdciiunte for the minutc^to-minutc interplay between blowi, inter- 
stitial fluid, and bone. Especially revealing in this respect is the 
demonstration that, in young animals, the turnover of the blood 
calcium nmy amount to as much as 100 per coni per minute, which 
is to say that the cijuivalcnt of the total amount of calcium in the 
bloo<I may l>e rep!ace<! every minute. 

As pointed out by Ibismus^n, any integrated concept of the 
role of the parathyroid glands in homeostatic control of the calcium 
ion concentration must take into account not only the direct effect 
of the parathyroid hormone on osteoclastic resorption of bone, but 
also the other mechanisms and controls used by the organism to 
effect the fine adjustment required. Of the inechnnisins under para- 
thyroid control, llflsmus.sen has redirected attention In the Ud- 
ney.s, ami to the effect upon at)ciuTn ion activity in the pbisma of 
the changes in ion actis'ity brought about by renal excretion of 
phospliate; he Iielicvos that the rapid action on tlic kulney.s has a 
buffering effect ujion fluctuations which ssoiihl Iw eorrccteii more 
slowly by the direct cfTccl upon Imiie. 'llie effect of tbe iiormone on 
absorption of cidcium by the gastrointestinal tract undoubtecUy 
aids homeo^l^sis. It is important nlyi to cnndiastrc the hiiffering 
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cfFcct of the extracellular fluids; caldum from this source is the first 
to reach the blood plasma In the ewat of depletion; this operates 
also in the opposite (lircclion, and any excess of calcium in the 
plasma is rapidly transferreil first to the cxtravascular fluid. 

DUAL SlECHANIS^I 

Except for the action of the hormone on bone, liberating calcium 
into the blood by contixd of osteoclastic resorption, the most im- 
portant factor in maintaining the stability of the calcium ion con- 
centration in the plasma is the pool of exchangeable calcium of the 
bone. Transfers between the blood and bone, buffered by the extra- 
vascular fluids, are effected rapidly in both directions; opinion 
differs concerning the influence of the parathyroids on this traasfer 
in the direction of bone to bloorl. 

In order to account for the rapid turnover of calcium betneen 
blood and bone, in both directions, and for the ability of the or- 
ganism to maintain constant calcium ion concentrations in the 
blood plasma, ne ha\e introduced the concept of a dud mechanism. 
The slow-acting part of this mechanism — that mediated by the 
parathyroid glands by control of osteoclastic resorption — is a clear 
example of a self-regulating process. The parathyroid glands are 
sensitive to the concentration of calcium ions in the blood; o defi- 
ciency in calcium ions leads to an incre.ised activity of the glands, 
while an excess leads to decreased activity (Fig. 24). Such self- 
regulating processes have acquired the name feedback. The condi- 
tion that is being regulated is itself the stimulus activating the 
regulatory mechanism; information about the output is fed back 
to an earlier stage so as to influence its action and thereby control 
the output. The Ihing organism is dependent upon a multitude of 
such built-in feedback mechanisms. In this instance, since an excess 
of Ca++ leads to reduction in output, the term negative feedback is 
applied. The control normally maintains the plasma calcium level 
at approximately 10 mg. per 100 cc.; when the parathyroids have 
been removed the mechanism for release of calcium into the blood 
is absent; when there is a hyperfunrtioning adenoma there is no 
evidence that it responds to the incieased calcium ion conccnlra- 
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tion in the plasma; it appears rather that the regulatory system 
goes out of control. 

The rapidly acting part of the dual mechanism requires ion 
transfer between blood and bone and is able in the absence of the 
parathyroid glands to nraintain the plasma level of calcium at 
approximately 7 mg. per cent. One view is that the bone acts as 
an ion exchange column, taking up calcium ions from the blood 
and returning others, by passive physicochemical mechanisms. .Ac- 
cording to this, the labile or reactive bone mineral, or that in the 
newly formed and partially mineralized osteons, is in equilibrium 
with the ions in the fluid in contact nith them. If the equilibrium 
is disturbed bj* removal of caldum ions from the blood, additional 
ions are transferred from the labile stores until the physiologic 
level has again been reached; if calcium Is added to the blood, the 
excess is promptly transferred to the labile stores. This is, of course, 
subject to the conditions that the first line of defense, in either 
direction, is the extra vascular fiuid, and that diffusion througli this 
fluid must occur before the pool of labile calcium in the Ixines is 
reached. 

Another view is that this transfer mechanism may itself require 
intervention by cell activity, at least in the direction of bone to 
blood. Acceptance of this would require that the control be Included 
within the feedback mechanism, since it is postulated that the para- 
thyroid hormone acts to liberate calcium from the labile stores by 
increasing the production of acid, mainly lactic acid, by influencing 
the glycolj tic cycle in the cells of bone. The role of acid production 
in the surface chemistry of the bone mineral has been reviewed in 
an earlier chapter. In any case, whether it is to be regarded as ac- 
tive or passive, the rapid transfer of calcium from the labile stores 
seems to be definitely localizei! in the new and incompletely calci- 
fied osteons. 

On the other hand, if we regard the parathyroid hormone as 
regulating osteoclastic resorption of bone, by a direct action upon 
the osteoclasts or their precursor cells, it becomes clear that this 
part of the dual mechanism has aewess to a portion of the bone not 
accessible to passive ion transfer; Woods and Armstrong have pro- 
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vidcd direct evidence to support tins statcraent. 0>teocIasU na* 
found only on the surfaces of bone and exert their cfTccls upon n> 
.wrplion accordingly. The dual mechanism, then, affects the mo- 
bilisation of calcium Iwth from the Lnhite fraction of Iwne, l>y ion 
exchange or transfer, and from the stable bone minenil, by re- 
sorption. 

VITAMIN D AND CALCIUM HOMEOSTASIS 
It has been jfidtciled above that vitamin D piays a part in the 
Iiomeostalie control of the calcium ion concentration in tlic blood; 
the mechanism of this action has not been fully charified. 

\'iUimin D orcrls an infftienoc on the citrate content of bone; 
this effect has been attributed to a more rapid conversion of pyru- 
vate to citrate in the tricarboxylic acid cycle. Vitamin D elevates 
tlic citrate content; vitamin I> deficiency mluccs it. Until rrtvnlly, 
it wis jxjsUdatcd that production of citrate was an imjiortanl factor 
in the transfer of calcium from bone to blood, and that parathyroid 
hormone and vUumln D, although acting at different points in the 
glycolytic cycle, were synergistic in this respect. Xoa* that the em- 
phasis has |>ecn shifted to add pixxfuction In fx)ne, and csjicciaiiy to 
lactic and pyruvic nchls, and .since acid production ocairs before 
vitamin I) is Mieved to exert its influence on glycolysis and on 
citrate production, the possible role of vitamin D is less clear. 

This docs not deny an effect of vitamin D on mobilization of 
lione mineral, even though it docs not provide n mechanism for 
.such an action. It has Ixvn suggc.sle<l that this action of vitamin D 
is essential to calcium homeostasis, and that the mainlcnaiico of 
bl(K)d levels of serum calcium as high as 7 mg. jicr cent in the 
absence of the pJirathyroid glands dcjicnils upon this action. It 
«7is deinonstmtcd, ns early as KWO, howcsxrr, that both dogs and 
rats can surxnvc in the absence of ImUi vitamin D nntl the para- 
thyroid glands. There is no evidence that vitamin U lilicrales II'*’ 
in glycolysis. For the present, although we ncw'pt the evidence for 
mobilizalion of cnlciuin under the influence of vitamin IX the 
details of such an action remain obsairc. 
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1. Internal Environjient OP UoxE 

I3onc tissue shares the internal environment with the other tis- 
sues of the body. This includes the circulating blood plasma and 
the intercellular fluid — a total of approximately 20 per cent of the 
weight of the body. An even larger amount of fluid, 50 per cent of 
the body ^"eight, is intracellular; a small proportion of this is in 
the cellular elements of bone. 

There is an extremely raphl exchange of natcr anti <lissolved 
substances between the various compartments of the body; this 
serves not only to bring oxj-gen to and take carbon dioxide away 
from the cells but also to transfer and exchange fluids and electro- 
lytes. It is by the mo\ ement of water and dissoK’ed substances that 
the minerals essential to the bones are brought to the locations at 
which they are to be deposited and are released when needed to 
maintain the physiologic constancy of the composition of the body 
fluids. 

The important cation of the internal environment, from the 
standpoint of bone, is calaum. Of this clement, a 70 kg. man has 
approximately 280 mg. in the circulating plasma, of which half, or 
140 mg., is in the form of calcium ions. This does not exchange, to 
any considerable degree, with the contents of cells, which are vir- 
tually free from calcium, but it docs exchange freely and rapidly 
with the 10 liters of intercellular fluid, which contains about 500 
mg. of calcium, nearly all in the ionized form. As much as 100 per 
cent of the plasma calcium may exchange with that of the inter- 
cellular fluid and the bones eveij* minute. Tlie plasma plus the 
intercellular fluid forms the calcium comparlment, amounting to 
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15-20 i>er cent of Uie \veigl»l of the bwly smd coiilainiriR, in si 70 
hg. mnn, 525-700 mg. of caldum ions. 

This amount of c.ilcmrn, in the ioniml fonii, is seemingly insig- 
nificant when compared with 1,200 gm. of calcium in the skeleton. 
Moreover, in view of the wry rapid excliange of ailcium Ixdwcen 
the calcium compartment and the Iwnes. it is rcmsirhahic that the 
organism is aide, by means of homeostatic mcciianisms, (o iimin- 
tain a constant level of calcium ions in tlic Imdy fluids, especially 
when an individual ion ina 3 * slaj- in the plasma for on^v a matter 
of minutes. 

Of the anions in the fluids of the Iwdy, the most imjiorlant for 
the maintenance of osmotic pressure are Cl“ ami IICOj. From the 
standpoint of the mineral consttitienis of bf>ne, the most ingKtrtant 
is inorganic pliosphale, mainly as the ions 111*0“ and If^TOr. 
Since those ions exchange to some degn*e with the contents of cells, 
the sjJJice available to phosphate in the body is hirger tluin tlic 
ailcium space, but the same conshtenilinns with n‘sf>ect (o the 
rapidity of exchange arc valid also for phosphate ions. 

The term in/ernaf enrironment was adopted by Cknutle ncrnanl 
to indicate that, as orgjimsms Iiccome mobile and independent, 
tiicy carry with tiiem the constant and flo>cly regulated environ- 
ment necessary for the survival of their cells; the eontrusl is with 
minute organisms living in the environment of sea water. There is 
the Very great difference lliul while the comjiosition of the vca, as 
mollified by exchange of Its elements with the organisms living in 
this enviromnenl, changes relatively slowly', owing to the enonnous 
volume of water, the interiiHl environment is under the constant 
influence of rapid exchange with (he cells. The net effect of such 
exchange is that the ctmdiiions of life for the cells arc kepi con- 
.sfant. 

2. IloMBOsTASis IN’ Mi.sEit.M. Met.shousm 

fTnlil recent years, it has liecii customary to regun! (he kidneys 
Bs functioning in an automatic fashion, with huill-in mcclmnisins, 
resfionding to alterations in the coinpo«lion of the blooil pkasinn 
.so ns to conscn.’e elements in sliort supply and to ellmruale (hose 
in excess. More recently, U has liorome apparent that tiie iibilily 
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of the kidneys to act automatically is limited, and that increasing 
importance must be ascrilwd to central and hormonal control. We 
have advanced the hypolheas that the major cations of the blood 
plasma Na"*", K"*", Ca"*^, jMg^, and H"*"- — are subject to such 
extrarenal control. In some cases the evidence is clear; in others it 
is only suggestive. On the whole the generalization seems permis- 
sible, at least as a working hypothesis, that the concentrations of 
all of these cations in the blood are central!}’ or hormonally con- 
trolled. 

It is further proposed that for regulation of the cations of the 
blood plasma, the organism is supplied with a number of informa- 
tion centers, of which the respiratory center is one; each of these 
responds to information as to a particular state of affairs. The 
centers then relay this information, through a chain of command, 
to the organs whose functloo it is to apply the necessar}’ corrections. 

For the major anions of the blood plasma — CI“, HCOj", HsPOj"/ 
HPO", and SO^ — the situation is quite different. As against the 
generalization that the cations of the blood arc subject to central 
or hormonal regulation, the contrary statement may be made fop 
the anions, i.e., that the control of none has been shown to depend 
upon information transmitted from a higher center, and that the 
existence of a feedback mechanism has been found for none. 

With respect to homeostatic regulation of the cations of the 
blood, the major advance in recent years has been the discovery 
and partial elucidation of the control system which regulates the 
concentration of sodium in the body fluids. The system includes 
an extrahypophyseal diencephalic regulatory center, located in the 
hypothalamus, or perhaps in the region of the pineal body; this 
responds primarily to the level of serum electrolytes, either directly 
or by way of chemoreceptors. Neurosecretory cells of the regulatory 
center produce a tropic substance, called aldosteronofropin or 
glomerulotropin, which finds its way to the adrenal cortex, cither 
directly by a humoral pathway or indirectly through the pituitary 
stalk and the adenohypophysis. This tropic substance, in turn, 
controls the output of aldosterone, which then influences the re- 
absorption of sodium by the renal tubules. This complex mecha- 
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iiiMii fulfils all of the criteria for an infonnution center, «)iij)led 
w-illi a cliain of command that ewnlually leads to tlic njrrcctions 
tliat must be made by tlio kidney. The ki<!ncy, while nttuully ixr- 
fonning the functions that result in Iiomeostasis, is far from doing 
so automatically, insofar as sodium is concerned. 

Aldosterone, the sodium-retaining hormone claboruled h\ the 
adrenal cortev, is a minfra/o-eorficot*rf. Its properties arc also e\hil)- 
ited by other adrcnoeorticoids, but aldosterone is many limes more 
cffcctiw than is any other known natural stcitiicl. The ovistciuf 
of a supraoptic information center, which controls the outjml of 
aldosterone, is well established, but many tletarls of the eonlml 
system remain in doubt. 

We have shown above, that while cjildiim homeostasis is siibje« I 
to hormonal control, it constitutes a special case, in that Ifie p.im» 
thyroid glands serve Iwtli as information centers and as the soiirtv 
of the hormone that controls the release of cak-ium from the bones 
to the blood. Ilomcostnlje control of the calcium ion cfinccnlmlion 
in the plasma, mediated by the jiarathyroid glands, is also mflu- 
encod by vitamin D. 

S. Cai.cii;m 
cAiX'iuM or rtmns or tub uody 

All or nearly all of the calcium in the bloo<l is in solution in the 
plasma; the amount in the re<l blood cells is nepligihte. In normal 
man the concentration of caldiim in the plasma is usually lietwrrn 
0 and n mg. per 100 cc., svith 10 mg. jkt 100 cc. (2..1 niM jicr lifer) 
a representative figure. TJiis is in constant exchange nilh the cal- 
cium of the extracellular fluid and that of the bones; the linmeo- 
sUilic mechanism that maintains the constancy of the concentra- 
tion in the plasma is the function of the (Kirathyroid glands. In the 
absence of the paralhyrtiid glands, the plasma calcium may fall to 
7 mg. per 100 cc. or even loner. In clinical or iirtificially induced 
hyiKTiiartilhymitlism the figure may reach it level of I.'J mg. jicr 
100 (c. or higher. 

It has licen known sinw early in the prestml century that the 
calcium in the jdnsrna is sojmmblcinlo twoin.sior and roughly equal 
fntclions — diffusible and noti-diffusiWe. It has also lavn known 
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that the non-cliffusible fraction is asawiated with the plasma pro- 
tein. There ^\as, however, for some jears, a difference of opinion 
concerning the diffusible fraction. It was held by many that a 
major portion of this fraction is in the form of a complex ivith the 
citrate ion or w ith some other comparable substance. These uncer- 
tainties have been resolved, and the relationship of calcium to the 
plasma protein has been incorporated in a formulation which de- 
scribes the plasma as a solution of a weak electrolyte, calcium 
proteinate, the ionization of which may be represented by the 
equation: 

CaProt 5= Ca++ -|- Prot- (1 ) 


and by the mass-law equation: 

X IP/ofJ 


(CaProt) 


( 2 ) 


From these tivo equations and from the expressions [Total Ca] =» 
[CaProtj -f- (Ca++}, and (Total Prot] = [CaProt] + [Prot“I, there 
may be derived a general equation from which the calcium ion con- 
centration of the plasma or serum may be calculated from analj’scs 
for total calcium and total protein — quantities easily determined 
in the laboratorj : 


[Total Ca] 


[Ca++] X (Total Prot] , 
|Ca++) +K 


(Ca++] . 


( 3 ) 


The calculation is facilitated by llie use of a nomogram, constnictcd 
from equation 3, shown in Kgure 25, which illustrates the relation- 
ships of the ionized and unionized fractions of calcium at varying 
protein and calcium lewis. 

At normal protein levels, about half the plasma calcium is in 
the ionized form, the other half being mainly in an undissociated 
complex with protein. Since this is an ionization phenomenon, 
shifts from the ionized to the unionized form occur instantaneously; 
the unionized calcium is not in firm combination with protein. 
Moreover, since rapid mowment of ions occurs tliroughout the 
organism, the formulation <loes not describe a static system; it 
does describe a system in dynamic equilibrium. 
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Acconling to the ma^is-law equation 2, tJjo ratio Ca'^/CaPnjI 
is (letennincd I)y the cfinocnlralion of protein. When (lie total cal- 
cium falls, as in liypojKinitliyroiiHsni, or when it rises, ns in liyjxr- 
panitliyroidisni, the ratio of ioniresl to unioiii/cil calcinni sliouM 
remain njiproMtnatcly constant, with only si small isirrcclion for a 
shift in the Cfll’rol nilio, unless the ersneeritmtion of pmtein 
ehanges or there is some rpialihilix’c cliange in the nliility of the 
protein to complex cjilchni). Thai the reJalifMjsJiip preslic Ie«} hy the 
mass-law espiation is appro\imale«l over the entire raiipe in seniin 
csilcium levels from hypoparalhyroiiUsm to hyfvrjianithyruiilism 
was rciwHeii hy Jfclican, Hamcs.sim! llastinf;s, in 103.>. (heir nil- 


Calcmm maelhanSOXkiiiroi/ WsilhcnSOXlomrod 



TOTAL PROrCIM- ^ per KX7cc. 

Fio. NViiofrram far ral.sibtion ot Cn** rfmtTntnlhxi trt>ni lolal pn.lria 
«f)<l totatrninumnf njoim fm**-!!* rrjnalj'»n (f 4**) X 

(tV<>t*|/trnProt} tv. (I’oi'ii t’s <. 

Itrprnitiimt (>V ftiurlo«J nf tt«' jiuMi-lwr* ) 
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culalions being based on direct obser\’ation of Ca++ concentrations 
by the frog-heart method. 

Freeman and his co-seorkers, using the ullracenlrifuge to sepa- 
rate protein-bound and free fractions of plasma calcium, and Hose 
et al., using ultrafiltration for the same purpose, have found that 
while the amount of calcium complexed by protein is correlaleil 
n-ith changes in the total calcium concentration, the quantitative 
results have not conformed to the simple mass-law equation 2; the 
discrepancies are attributerl by Rose to an influence of the para- 
thyroid hormone on the affinity of the serum proteins for calcium, 
while Freeman believes that they are correlated with the serum 
calcium concentration, and only indirectly with parathyroifl activity. 

Others have reported further discopfJant and stiJl unexplained 
results. In our opinion the more recent findings, with different 
methods, do not invalidate the concept of calcium proteinate as a 
T\eak electrolyte, dissociating in accordance with a mass-law rela- 
tionship; further refinement of melboils, and further attention to 
variables other than total calcium, total protein, and calcium ions, 
seem to be required for resolution of the differences m oh«en’attons 
and interpretations. 

Differences m the affinity of serum albumin and serum globulin 
for calcium have also been reported, although current literaliiro 
supports the ^^ew that the'* proteins. In the serum of normal indi- 
viduals, have approximately the same calcium-binding capacity. 
This statement does not hold true for certain forms of faypcrglobu- 
linemia. That serum albumin, in normal blood, combines with 
more calcium than does serum globulin depends upon the higher 
concentration of albumin in the plasma. 

This description, which takes into account only calcium ions and 
the unionized calcium proteinate fraction, ignores a small amount 
of calcium in other combinations. Calcium forms unionizerl frac- 
tions with the ions of phosphate, bicarbonate, and citrate, but the 
aggregate of all unionized complexes in the blood, with the excep- 
tion of proteinate, can hardly account for more than 5-10 per cent 
of the total calcium. 'NMien serum is subjected to diffusion or to 
uUrafiltration, these fractions appear in the diffusible portion. For 
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lilts- reason llie tolal dtffusiblc calcium Is slightly higher than (he 
enleium ion concentration. Since the concentration of citrate in the 
blood is correlated with parathyroid activity, the calcimn-citr.ite 
complex may account for a pari of the discrepandes obsenTd in 
the calcium-protein relationship. 

In the protein-poor fluids of the body, such as the cercbmsjtinal 
and the intercellular fluids, the state of calcium approximates that 
in an ultrafiltrate of plasma. In such fluids the coiiccnlnilion of 
CJilcjum is generally about 5 mg. per 100 cc. (1,35 m.M i>er liter), 
virtually all in the diffusible form. Again, a fraction of this may 
Ije in llie form of unionized, diffusible coinpleves; these have liUle 
or no physiologic significance. 

In calcification, when calcium is to be dei>o.Mted in the Ixmcs. it 
iHovci first from the plasma to the interceJhfiar Biiul und then it 
«!ci)osite(l in locations prepared for calcification. Under such cir- 
cumstances the plasma requires rcplemshinent, in order to main- 
lain calcium ion concentrations at physiologic level.s; such n'plen* 
ishmcMl ordinarily comes from the diet, but the skeleton itself is 
the principal dcfiot for the storage of resers'e supplies in the or- 
ganism. Thus, it frequently comes about that ns calcium is being 
deposited in one or more places in the skeleton, it is l)cing witli- 
drawn from other places; the entire sy.slem ^ylasma-mfcretUular 
fluid-bone remains in a st,ite of di-naniic cquiiibrium. 

4. PnYRioixxsv OF Calciusi MET.snousM 
nrxjuiriEsiK.vTs 

The requirements of calcium, iiimKt varying comlitioiis, have 
Ik-tii the subject of much study. The llccommendcd Dietary .\i- 
lowances, as rcvisetl by the Food and Xiilrition Ibwinl, National 
.tcadciny of Scicnccs-Nationol Research Council, in lPo8, are 
given in Table 2. 

.\11 these recommended allowances arc well above miniimim 
mainlenance levels and pros'ide for a lilieral margin of .safety. K\- 
cppl for the .sfKvi.nl conditions of pregiwncy nnd hjctalioii, when 
calcium shouhl lx* addeif to (be diet, the reqiiircnienls arc .such 
llrnl they arc met or exceeded by tlic ingestion of one quart of milk 
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daily, if the diet is othenvise adequate. Hlany adults ^\llo do not 
drink milk are able to maintain themselves in calcium balance with 
intakes of calcium at 10 mg. per kg. jKir day, or 0.5-0.8 gin. ilaily. 

ABSORPTION AND EXCRETION 

The absorption of calcium takes place chiefly in the upper part 
of the small intestine, in both the duodenum and the jejunum. A 
large and variable part of the ingested calcium passes through the 
alimentary tract unabsorbcck Moreover, a considerable quantity 
of calcium, having been absorbed, is secreted with the digestive 


TABI.n « 

Cm 

Adults (male and female) ... 08 

Pregnancy (latter lialO ... 1.5 

Lactation (28 oz. dailj) . . 2 0 

Infants, 3-C months . ..00 

7-12 months ... .08 

Children, up to 12 years 

1-3 i ears ... JO 

4-C years . . 1 ,0 

7-9 jears ... 10 

10-12 years 1 .2 

Children, o\er 12 years 
Girls 

13-15 >ears . . . 13 

10-19 years 1 3 

Bojs 

13-15 years 1.4 

16-19 years .. . . 1.4 


juices; the greater part of this is reabsorbetl; a smaller portion ap- 
pears in the feces. From the standpoint of net absorption, normal 
adults maj utilize as little as 20 per cent of the calcium ingested. 
In rickets the net absorption is greatly reduced and may even fall 
to negative values, indicating a loss rather than a gain. 

The most important single factor in the absorjition of calcium is 
vitamin D. Absorption of caldum is unfavorably influenced by 
oxalate and phytate ions, and by failure of absorption of fatty adds 
from the intestinal contents, in the condition known as steatorrhea; 
in each case calcium passes through to the feces in an insoluble, 
non-absorbable form. There is a widespread belief that acids and 
acidifying substances influence the absorption of calcium favorably 
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and alkaline substances unfavorably. ExperinieiJtal ei'}<ience is to 
the effect tJiat such influences are too snj.al! to Im? of physiologic 
significance. The calcium intake markedly influences the net ab- 
sorption of phosphate from the alimentary' tract; the corresponding 
influence of phosphate upon t}»e net absorption of calcium is neg- 
ligible. 

Loss of calcium from the botly takes place through two channels, 
the alimentary canal and the urinary tract. Under ordinary condi- 
tions the calcium in the feces is greater in amount than that of the 
urine and under conditions of low intake may exceed that in the 
food. It is no longer believed that there is any regulated excretion 
of calcium into the intestinal contents. The effect of increased in- 
gestion of calcium upon net ahsorption is variable. IVIost healthy 
adults are able to adapt to low intakes of calcium, provided that 
there is Jio deficiency of vHtamin P. Morco\'ef, while extremely low 
intake of calcium (less tlian SOO mg. rlally) may Iw presumed to 
lead to continuous negative balances, there is no agreement as to 
when this results in an unphysiologlc condition, so long as the 
plasma calcium is maintained ivithin normal limits In infants the 
absorption and utilization of added calcium Is, nithin wide limits, 
proportional to the intake. Calcium administered parenterally or 
mobilize<l from the skeleton by parathyroid extract appears in the 
urine to the extent of approximately 80 per cent of that excreted; 
the remaining 20 [^er cent appears in the feces. 

In adults the utilization of calcium is judged by the difference 
between ingested and fecal calcium. In infants ami growing children 
the term is uscfl in the sense of retention in the organism to meet 
the nectls of groivth, particularly of llie skeletal system. 

There is no food or drug that yiehls caldiim as freely as milk. 
Calcium is in milk in what may be called a physiologic solution, to- 
gether irith phosphorus and with the protein to be titihzed for the 
building of Ixme tissue. For these reasons milk is generally more 
effectix-e than calciumphosphaJcorlactatc or than ajiy other single 
substance in providing for the needs of growth or repair of bone — 
even more effectix*e tlian bone meal itself. Tlie calcium of breast 
milk is no better utilircfl than that of cow’s milk. Evaporated or 
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dried milk is a satisfactory" substitute for whole milk in promoting 
retention of calcium and the formation of bones in children. The 
utilization of dietary calcium varies inversely with the adequacy 
of the bod 3 ’’s stores. 

B.\L.tNCE 

The calcium balance represents the net excess or deficit of reten- 
tion of the element, as compared with the intake. The normal condi- 
tion for a growing child is a substantial positive calcium balance, 
representing the retention necessary for skeletal growth. A daily 
storage of 10 mg. per kg. of body weight in children from three to 
thirteen years of age is a desirable condition. For the adult the 
normal condition is calcium balance; a large proportion of the 
adult population is usually in negative balance, owing to insuffi- 
cient intake. Negative calcium balances may be obser^’ed in women 
during early lactation, in spite of large intakes. 

Calcium balance studies have been useful in the clinic. They 
have revealed a negative balance in patients with hj’perparatlij"- 
roidism, at stages and in forms of the disease in which there were 
no bone changes demonstrable by X ray; they arc informati%'c In 
clinical investigations in which it is necessary to determine w hethcr 
therapy is effective without ha\nng to wait for gross and unequivo- 
cal evidence of improvement. An outstanding example is the dis- 
covery that a mixture of dlric acid and sodium citrate will spare 
serious loss of calcium in patients with certain types of acidosis. 

KINETICS OF CALCID5I SIET.tnOLISlI 

With the aid of radioisotopes there are increasingly frequent 
attempts to define the kinetics of the movement of the ions con- 
cerned in the homeostasis of their concentrations in the fiuids of the 
body and in the mineralization of calcifiable tissues. Such attempts 
began with the construction of cuiwes illustrating the disappearance 
from the blood of an isotope, now commonly Ca*®, following its 
intravenous administration. These cur\'es were then subjected to 
kinetic analysis and expressed as a composite of exponential decay 
cur%’es. From these data there were calculated the turnover rales 
of the calcium ions in the blood, with the result that in young ani- 
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Dials tills rate may be as higb as 100 per cent of the total amount in 
the blood per minute. In adult man everj' fourth calcium ion leaves 
the blood every minute. 

A mtle field lyas opened for jn\*esligation by further extension of 
tracer techniques nbcn, ndlb the aid of computations based on 
blood disappearance eiin’es ami on observations of uptake of 
by the bones of experimental animals, it became possible to calcii- 
iale the rates of accretion, resorption, and exchange reactions in 
the skeleton — parameters previously inaccessible to analysis At 
present most workers in this field base their analyses, with or with- 
out modifications, on an approach published in 1955 by Bauer, 
Carlsson, and Lindquist and further elaborated in subsequent pa- 
pers from their laboratories. Their niethoil depends upon observa- 
tions made after injection of a single dose of the radioisotope, and 
upon the following equations; 

Cail, -= CaJ?+ Cal^ - Ca« (1) 

in •nhich 

Ca^'b, = total amount of pre.senl in a calcified tissue 
Ca^:‘ * amount of present in the e.Nehangeable fraction 
of the bone salt 

Cai* — amount of Ca*^ Incorporated into the non-evchnnge- 
ahle fraction of the lione salt through accretion 
CaR* = amount of Ca^* removed through resorption. 

Under the assumption that the specific activity Ca*®/(Ca*® + 
Ca*') of the exchangeable fraction rapidly attains the same value 
as the specific activity of the plasma Ca, and that these two specific 
activities can then lie regarded ns equal, we get: 

Ca« = E X S (2) 

in which 

E = amount of tol.'il Ca in the exchangeable traction 
of the bone salt 

S = specific activity of the serum (plasma) Ca. 

Under the assumption that Ca^ and Ca^* are deposited in the 
bone ipincral in the same proportions as those in which they arc 
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present in the plasma at any instant of time, there is derived: 

Ca“(t) =A y S(t)dt (3) 

in which 

A = rate of accretion of total Ca 
t = inlen’al of time between administration of 
^ and obsen’ation 

y S (0 dt = integrated specific actUity of serum from time 
0 to lime /. 

The rate of resorption of total calcium is calculated from the 
equation: 

R » A - Ret (4) 

in which 

R « rate of resorption of total calcium 
Ret = rate of change in total calcium in bone. 

Prom these formulations, and by further analysis of data ob> 
tamed by counting methods, with the sohing of simultaneous 
equations, values are obtained for the rates of accretion (A) and 
resorption (R) and for the amount of calcium in the exchangeable 
fraction of the bone mineral (E). In the normal adult new bone 
mineral is formed at a rale of about 0.5 gm. calcium per day, and 
a corresponding amount is resorbed. The adult stcleton contains 
betw een 1,000 and 1,500 gm. calcium, and is thus renewed at a rale 
of about 0.05 per cent per day. In the newborn the corresponding 
rale is 1 per cent or higher. Some caution must be exercised in the 
application of these turnover values, since the rate of renewal 
V aries considerably from area to area in the skeleton. 

By the use of Ca** and similar, though not identical, formula- 
tions and assumptions, Heaney and ^Tiedon have reported on the 
fxine formation rate in human metahohc bone disease. From their 
own observations, and from data in the literature, they have esti- 
mated the normal rate of formation of bone mineral, in the human 
adult, to be approximately 9 mg Ca/I^/day, with a mean in ten 
subjects of 9.1 + 3.9 S.D, lo twelve adult human subjects, with or 
without bone disease, the size of the miscible calcium pool averaged 
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slightly less than 100 mg Ca/kg in all subjects, except for two 
patients wnth osteitis deformans, in whom the pools were four times 
as large. Tlie rates of bone formation in six patients with osteo- 
porosis were ^^^thin the noimal range. A reduced rate of bone for- 
mation was found in one patient writh hypoparathyroidism, and 
greatly elevated rates were observed in tw'o patients with osteitis 
deformans. 


TABLE 3 

Calcium Accretion in Bone I)i‘;EV'«r. 
High 

Paget's disease 

Fracture 

Tumor 

ffyperparatbvToidisiii 

HyperthiToiaism 

I'ltamio I>-resistant rickets treated 
with masrive doses of vitamin D 
A’ormaJ 

Osteopenia (ostcoporosb) of 
unknown origin 
Vitamin I)-resistant rickets 
Vitamin l)-de6cient rickets after 
treatment with \ntamin D 

Xoio 

Osteopenia of uoknowm origin 
Hypoparatlu'roidistn 
I { JT 0 1 h jToidism 
I'ltamia D-dcficient rickets 


A further advance, especially io the observation of patients, has 
been made possible by the use of Y-eraittmg isotopes of calcium 
(Ca*^, half-life 4.9 days) and strontium (Sr®, half-life 65 days) 
whicli permit tracing the injected isotope by means of soinlillalion 
counters at the body surfaces. Such studies in man show the rapid 
rise and fall in soft tissue activity, and the slow rise in bone activity. 
The skeleton does not distinguish between calcium and strontium 
in trace amounts; the results obtained from external counting over 
various lesions following administration of Ca*' or Sr*® may there- 
fore be discussed without dlstinctioti between the two elements. 
Loadizod bone lesions in man are particularly easy to study with 
external counting techniques. 
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l\cmlef)erg has demonstrated in fifty human subjects that fol- 
lowing fracture of the tibial shaft the rate of bone salt formation 
in the fracture area is rapidly increased to a peak value of alwul 
twenty times normal, and then gradually falls; the peak value is 
reached at about one-half to one 3 ear following the fracture. The 
rate of turnover of bone mineral is also increased in localized bone 
lesions caused by tumor, osteitis, and Paget's disease; in a few cases 
the use of external counting techniques permitted a diagnosis of 
metastatic cancer in the spine before X-raj- evidence was positive. 

Bauer has summarized the findings from several laboratories, 
obtained by external counting of Y-radution from Ca” and from 
Sr®, in patients with bone disease, as shown in Table 8. These 
observations are leading to revision of current concepts of the 
p.itliologic physiology of bone; they indicate, for example, that the 
accretion rates in ostcojiorosisare normal or only slightly’ depressed, 
contnir^ to earlier views. 

5. PllOSPIIOHUS 
rilOSPHATES OF FLUIDS OF THE HODV 

Inorganic phosphate is present in the fluids of the boil.v in the 
form of the ions of ortliophosphorlc acid, HsPO^, chieflj,* as IIPO 7 . 
The plasma of the infant, under conditions of actiw deposition of 
bone salt, contains approximalelj- 6 rag. per 100 cc. of total phos- 
phorus as inorganic phosphate (2 mil per liter). In the plasma of 
the adult the inorganic phosphate level is reduced to approximately 
half that of the infant It is characteristic of the rachitic infant that 
the concentration of inorganic phosphate in the plasma is at a level 
noniial for the adult. The excretion of phosphate through the 
kidneys varies within wide Imiits,according to the intake; this lias the 
effect of maintaining the blood phosphate at a relativrely constant 
level; the part played by the parathyroid hormone in homeostatic 
tegnhtion of the Hood level of phosphaleisiiDpejfpctly understood. 

The transport of phosphate within the animal organism is a 
function of the circulating blood and of the intercellular fluid. 
Since the phosphates have a manifold role in the organism and are 
closely related to many metabolic functions, as well as to calcifica- 
tion, the}' are found in many forms and in many locations. In the 
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blood in addition to the inorganic phosjiliatc ot the plasma, a 
variety ot organic, ncid-soluMc compounds ot phosphorus is pres- 
ent mainlv in the red blood cells; only about 0,5 mg. per 100 cc. 
ot iihosphorus is carried in the plasma as phosphoric esters. The 
moiement ot phosphate reilliin and Imtivcen the fluid compart- 
ments ot the liodv and between fluid and bone occurs constantly 
and with the same rapidity as that with which the movement ot 


cjilcium occurs. , , 

So tar as is known, the inorganic phosphate ot the fluids ot the 
body ot higher vertebrates is a-irtnally all in the form ot tree lons. 
Various attempts have been made toestahlish the pre.sence ot phos- 
phate in a bound form, analogous to the uniomacd traction ot cal- 
cium. There seems, at present, to Iw no reason to accept a working 
hypothesis that accounts tor any physiologically significant fraction 

ot the inorganic phosphate of the blood a, being present in an tin- 
ionized complex. 

METADOUSM OF PIlOSPIIOnUR 

An exaimnation ot the multiple role ot phosphorus in the animal 
organism is beyond the scope ot this volume, Escept tor a brict 
rcLpitulation of the types ot phosphorus compound, found m the 
organism, this section wall bo eoncemed wall, the relationship nt 
the metaholisni ot phosplioms to the skeleton. 

All or almost all the compounds ot phosphorus, inorganic nr or- 
ganic, found in the body arc derivatives ot orlhophosphoric acid, 
ll.ro. or ot pyrophosphoric acid. IIiPiOi. Uselt a tondcnsalion 

of two molecules otorthophosphoricacKl. 

01 approaimatclv 700 gm. ot phosphonis m the adult human 
body, about 600 gm. are in the skeleton: the preseiiie ot this large 

‘ * r T^linsnhorus in the bones depends upon the ability of 
amount of pnospnoms i.i i 1 1 , •at 

orthophosphoric acid to form diflicnltly .mlulile mmpo.ind. with 

"''or'lhopl.osphorlc acid is a weak tribasic acid. Its illssoclalioa 
constants, corrected tor the ionic strength ot srn.m are given 

Tabled p„m.thescconstantsitmaybccalcul.tedtliat,nlpIIid. ^ 

iipprovimatcly 85 per rent d the total inorganic phosphate ot <>'' 
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plasma is in the form of the divalent ion IlPOri while 15 per cent 
is monovalent IliPOr. nn<l only 0.0035 per cent is trivalont POf. 

A major factor in the metabolism of phosphorus is that the or- 
ganism is able to synthesize all of the organic compounds of phos- 
phorus from inorganic phosphate. This is not to say that It can 
synthesize all of the organic substances with which phosphate is 
united. The human organism, for example, cannot synthesize 
thiamine. But given thiamine, the organism can transfer it into the 
active form, thiamine pyrophosphate, ilforeover, phosphate in- 
gested in organic combination is for the most part split off and 
absorbed in the same manner as if ingested as inorganic phosphate. 
The biosynthesis of the large number of phosphorus-containing 
TABLE 4 

DlSVICI STIOV OF IbPO. 

nsP04^ii+ + iiiFOr , k; = 1.22 x lo-* , px; = 1,915 , 

II,P0r?iII+ + ItPO; . Kj = 2.19 X 10 -^ . pK; = 6.66 , 

IIP07?iII+ + PO; , Kj' = 1.6C X 10->* , pKj = 11.78 . 

catalysts and intermediates requires additional enzyme systems, 
many of which themselves contain phosphorus. Phosphorus pro- 
vides the linkage between the nucleotides which compose ribosc 
and deoxyribose nucleic acid and thus contributes to the structure 
of chromosomes and the processes of growth and heredity. It par- 
ticipates in the formation of numerous intermediate compounds 
and coenzymes essential to the metabolism of carbohydrates, as 
well as to many oxidation-reduction reactions and other intracel- 
lular processes. 

Until recently pyropkosphale had been found in mammalian 
tissues in only very small amounts, in such organic compounds as 
thiamine pyrophosphate. Cartier and Picard, however, fouiul that 
when phosphate was supplied to embryonic sheep cartilage in the 
form of adenosine triphosphate, approximately 80 per cent of the 
phosphate deposited in the cartilage W'as pyrophosphate. The cor- 
responding figure for rachitic rat cartilage was found by Perkins 
and Walker to be only about 5 per cent; they attributed the dis- 
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crepancy to a difference in the inorganic pyrophospiialase activity 
of the two tissues. Perkins and Walker also reported, for the first 
time, the finding of pyropho^jate in normal Ixjjic and found that 
the deposit formed tn vitro on incubation of rachitic cartilage with 
a calcifying medium docs not contain pjTophosphate unless ATP 
is added to the substrate, when the proportion of pyiDpliosphatc 
attains the same order as that in noitnal Ijonc. These findings seem 
to relate ATP, which has been called the nnil of cxirreney in meta- 
bolic energj’ transformations, ami pyrophosphate t(» the calcifica- 
tion process, although the nature of this relationship is by' no moans 
clear. No one has as j'et shoum that energy, siipplietl locally, is es- 
sential to the deposition of bone mineral, although this possibility' 
is receiving increased attention. If this could be demonstrated, the 
presence of ATP in calcifying systems would assume new signif- 
icance. 

SOUnCE, nEOOIREMENTS, AND ABSOnPTION 

As phosphorus is present nearly everywhere in the animal or* 
ganism, so is it present nearly everywhere in nature. Ultimately, 
the source of the phosphorus in the animal is the sea or the soil. For 
marine plants and animals, phosphorus is always in short sii/>ply, 
40 >jgm. per liter of sea water; this smallconcentrationmust be turned 
over very rapidly to support life. Indeed, the population of living 
organisms in aquatic habitats appears to bo limited ns much by the 
supply of phosphorus as by any other single element of nutrition. 
For man the flow is first to Ibc plant forals, then cillior direct to 
the human organism or indirectly by' way' of the animal lis*.ues 
consumed by mao. Fertilization of Uk? soil consists in supplying it 
with phosphorus, as mcII as with nitrogen'— two elements without 
which most phmU cannot grow. A deficiency of phosphorus in llic 
soil may limit plant and animal life. 

The daily' requirement for pfmspfiorus In the adult human or- 
ganism is in the neigliborhood of 1 gm. and is even higher in the 
growing chihl, in whom the needs of the skeleton must lx* met. Tn 
American diets phosphorus is so iiiiiversal that a deficiency in the 
intake of this element scarcely' constitutes a prablcrn hi nutrition. 
If the dietary requirement for calcium is met from milk, the phos- 
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phorus intake vrill be adequate, as it will be from otlier protein-rich 
foods. Certain borderline diets are deficient in phosphorus, but the 
importance of this is overshadowed by other concomitant deficien- 
cies The phosphorus content of mother’s milk is much lower than 
that of cow’s milk and may, in breast-fed infants, be the limiting 
factor in the rapidity of mineralization of the skeleton. This cannot 
be regarded as a true dcficiencj*. A deficient absorption or utiliza- 
tion of phosphate, m the presence of an adequate intake, is com- 
monly associated with the low retention of calcium in rickets. The 
total effect is as though there were an actual deficiency of both 
calcium and phosphorus in Ihc diet. 

In view of the competing demanrls for phosphorus to serve its 
manifold functions in the organism, it Is important to note that the 
first effect of a deficient assimilation of phosphorus is a failure of 
calcification of the bones and that this failure, by removing the 
largest requirement for the element, usually leaves an amount ade- 
quate for all other purposes, e\eept under the most extreme experi- 
mental conditions. 

COLLOID IL CALCIUil PHOSPHATE 

Increase in the product Ca X P to a point beyond the solubility 
product constant of CallPOi not only Is critical for deposition of 
the bone mineral but also determines the formation of a colloidal 
calcium phosphate m the plasma. This substance, although in par- 
ticulate form, is not precipitated from the blood, owing to the pro- 
tective action of the plasma proteins. It is quickly removed from 
the blood by the histiocjtes of the liver and spleen and is returned 
to the circulation in solution. It has not been shown that the forma- 
tion and disposal of this substance are of physiologic importance or 
that it plays any part in tbe formation of the bone salt. 

6. Boxe as Reservoir of 5Ii>xr.als 
The bones seiwe as a reservoir of cafdum and phospiafe, avai7- 
able for the other needs of the body, as well as for .supphring miner- 
als for (lejinsition when necdeil in other parts of the skelctou. Jlore- 
over, other mineral elements may be depositcil in bone and may 
remain there throughout the life of the organism. In .so doing, as a 
rule thei serre no known phyaoli^c function, although sodium 
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aH(l magiifsiuin may be mobilized wbcn needed by the soft tissues. 
In growing animals the bones respond to changes in intake of cjd* 
cium and phosphonis, either by reducing or by increasing the 
amount of spongy Iwne available for storage. In gjscs of extreme 
deficiencies, either of caldum or phosphorus or of dlnmin D, pro- 
found changes in the slate of inineraliration of the bones may occur. 

EFFECTS OP INTAKE OF C.VLCHiM AND 
pHospiioncs UPON no.VE 

Sherman and his co-workers investigated the calcium retjuire- 
incnls of the l.Tboratory rat an<l inlro<Iuce<l the concepts of adequate 
and optimum diets. .\n adequate diet is one that will support normal 
growth, beulth, reproduction, and kactalion, generation after gen- 
eration; an optimum diet will pro<!uce increased growth, earlier 
maturity, Itigher adult vitality as inditaled by .superior breeding 
rewrds, a longer porio<l lietwccn the nttoinment of maturity and 
the onset of senility, and an increase in the average length of adult 
life. These c-oncepls have liccn useful in guiding e'cporimental work 
and in interpreting the conflicting results in the literature concern- 
ing the calcium requirements of man. 

The bones of rats on diets classified as adequate in calcium in- 
take may Iw seen to haw: (I) a relatiwly short metaphysis and 
Ihcrvfore a relatively short supply of stored calcium; (2) great 
osteoblastic ami osteoclastic activity, reflecting the need for inavi- 
nmm turnover and utilization of the dielarj* calcium; (8) osteoid 
Iwnlcrs on the trabeculae, indicating that raJduni is not being 
stored to the maximum capacity of the bone structure; and (4) a 
IKirous shaft, similar to that of wiy j’oiing animals. 

The Ixincs of rats on diets classified as optimum, on the other 
hand, have: (1) a relatively long ami dense melaphysis, providing 
for (he maximum storage of cafcium; (?) dmifnishc<f as(coftAx.*>t/c 
and nsteoelastie nclivUv, indicaling minimum turnover ami maxi- 
mum «iti‘crvalion of bone salt; (3) Imne trabcadae calcified to the 
maximum density with no osteoid Ixjnlers, evidence of an nlnmciatil 
and continuous supply of cninmn and phosphorus in the diet anil 
IvkIv fluids; and (4) a xxny dense shaft sinuhir to that of adult 
animals. 
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CITRATE 

It has Iwen known, since the report of Dickens in 1941, that 90 
]ier cent or more of the citric acid of the body is in the skeleton and 
that as much as 1 per cent of the fresh weight of bone may be ac- 
counted for as citrate. 

The occurrence of citrate in the mineral portion of the skeleton 
forms one of the strongest arguments for the belief that such sub- 
stances are held on the surfaces of apatite crystals, since the size 
of the citrate molecule clearly excludes it from the apatite struc- 
ture itself. llTielher citrate is present in bone as the citrate ion or 
whether it is combined in a complex form with calcium is still not 
clear. That portions of the dtrale may be dissolved from pow- 
dered bone onlj, ivith difBcully, while other portions are readily sol- 
uble, suggests cither that more than one form of citrate exists in 
Imne or that portions of the citrate are held on entrapped surfaces. 

Presentintcrestio citrate centers upon its/unctional significance 
in bone. It is probable that at least part of the citrate in the ciN 
culating blood originates in the skeleton and is metabolized by the 
kidney. Jloreoier, the Increase in the citrate in bone and in the 
blood, as induced by either the parathyroid hormone or \'itamin D, 
or both acting together, offers presumptive evidence that citrate 
plays an important role in the solubilization of the bone mineral 
and the transfer of calcium from bone to blood. It is not yet clear, 
however, how citrate is related to calcium metabolism; Neuman 
now puts more emphasis on the production of acid in the glycoMic 
cycle, with a consequent increase in the local concentration of hj’- 
drogen ions, than on the complexing of calcium by the citrate ion. 
Consideration has been given to these problems in an earlier chap- 
ter. 

STORAGE OF CALCIUM ANTI PnOSPnATE 

Except for the secondarj’ system of medullary bone formed in 
birds, during the egg-laying cjde, such storage of calcium and 
phosphate as occurs in the skeletal system is limited to the Ixines 
that also have a supporting function. There is, in mammals, no 
special storage mechanism to meet the needs of pregnancy and lac- 
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talion; skeletal calcium and ptiosphonis are, lionever, rcadilv 
pv-en up to meet the nce<ls of the soft tissues. This cnaliles liomoo- 
stalic regulation of a normal calcium level in the plasma to he main- 
tained over long periods of time, at the expense of a negative cal- 
cium balance; it also gives the manifold retjuirements of phosphate 
in the soft tissues a priority for the assimilation of the phosphate 
in the diet. Except under extreme conditions, c.g., in life Middle 
European countries in World War I, and in China, n here the drain 
of pregnancy on the skeleton, coupled with a deficient intake ctf 
calcium and of vitamin D, may lead to severe osteomalacia, the 
organism is able to adapt to a low intake of calcium without <te- 
monstrable pathologic changes. The possible relation of calcium 
deficiency to osteoporosis is discussed in a later chai)ter. 

STORAGE OF OTHER ELEMENTS 

In addition to calcium, the skeleton a>nlains other cations sotne 
of which arc foreign to the needs of the organism and haw bten 
ingested fortuitously. Of the additional cations found in the Imnc 
mineral, two are of physiologic importance, and for tho.se the skcli*- 
ton may be regarded as a storage rcsciA’oir, aiding in the mainte- 
nance of physiologic levels of these clcmcnts—sodium and magne- 
sium — in the blood, in the event of depletion. Potassium 1ms no 
special affinity for bone. 

A number of foreign cations are found ns contaminants of the 
bone mineral, haNung been deposited after reaching the blood 
stream. Of these the most important arc radium, strontium, and 
lead, any of which may substitute for calcium in the ciyslnl slnio- 
lure of hydroxj'npalile. Much recent attention has been directed 
to the harmful effects of radioacliw elements when iiii'orjjonited 
nithin Iwnc; this is pven consideration in the following chapter. 

Ronresf 

Some 40 per cent of the total bo»ly .sodium is present in the 
mineral scihslance of Iwnc, at a concentration apjjroximaling 400 
mlCq/kg of bone salt. The effective c<incen(raljon of 4/i<lliim at the 
crystal surface is probably higlier. Some 40— tS jwr cent of the total 
sotlium of the skeleton is rapidly exchangeable, and avaitalilc (o 
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the fluids of the body; an additional 6—13 per cent can be mobilized 
in the adult, in response to various stimuli. The abilitj' of bone to 
release sodium ions to protect the hydrogen ion concentration of 
the extracellular fluids, in acute sodium depletion, appears to be 
dependent upon parathyroid secretion. The portion of the bone 
sodium not accessible to the body fluids is associated with the sta- 
ble fraction of the bone mineral. Bone can also serve as an acceptor 
of Na+, up to 8 per cent of the normal crystal content. 

Vincent has studied sodium metabolism in the skeleton at the 
histologic level, employing two isotopic methods. He lias induced 
radioactivity in ground sections of bone, by exposure to a neutron 
flux, which activates Na** by forming the radioisotope with 
a half-hfe of 15.06 hours; he has also administered with a half- 
life of 2.6 j’cars; in both instances sections of hone were studied 
autoradlographically and by means of microradiograms. 

Hauer ga\’e Na” to growing rats, and killed them 1-25 days 
later. By means of autoradiograms he showed that during growth 
sodium ia incorporated in the non-exchangeable fraction of the bone 
sodium, from which it is not removed until tlie bone structure is 
reached by resorption. On the assumption that the sodium of the 
extracellular water of bone is freely e.xchangeab/e with the serum 
sodium, and in another series of experiments with Na”, he con- 
cluded that 30-40 per cent of the excess sodium of bone is exchange- 
able with the extracellular water sodium. Vincent, in short-term 
experiments, in which the dynamics of smlium deposition in bone 
was studied after administration of Na**, found that rapid exchange 
meclianisms predominate; no accumulation of sodium was observed 
either in the sites of osteogenesis or in the less calcified osteons. 
Radioactivity disappeared on decalcification but was retained in 
cthylenediamine-treated sections; the sodium was linked to the 
mineral of hone. In longer term experiments, four to six weeks 
following injection of Na**, there was ojneentration of the radio- 
isotope in osteons in which bone mineral was being deposited at 
the time of injection; this is esddence for accretion of new sodium 
during initial mineralization. After immersion in a solution of 
Na**Cl, compact bone is uniformly labeled. 
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MACJXESItM 

Magnosiiiin is believed to be cbcmisorbcd on the surface of the 
crystals of bone mineral and is readily available to the fluids of the 
lx)dy, at least in large part; tbe complex ^^gOII^ has also l*ecn 
proiwsed as a surface ioi). Xo homeostatic mechanism for repula' 
linn of the exchange of magnesium between blood and Imne is 
known. About a liunl of the skeletal magnesium can be ranbili7cd 
in .severe magnesium deficiency; tins is accomplished by ion trans- 
fer from the labile stores in the skeleton to the circulating fitihls. 



CHAPTER XII 


Radiation, Isotopes, and Bone 


Xcitlicr radiation itself nor the metalwlism of radioaclivo iso- 
topes lias any jila<c in the nonnnf pliysiologj- of bone. Wthin the 
last Iialf-rcnlury, lione\*or, ami more especially in the last two dec- 
ades, these subjects have assumed increasing importance, mlh 
the skeleton plajing a major role in relation to them. Excessive 
<loses of X ray to the bones, particularly during growth, may be 
Jj-irin/u), and tljese effects have l>een studied experimenlitlly. 

studies of the effects of internal radiation of the bones s»ere 
{•onfined to the damage causetl by ra<lium. Accidental poisoning by 
radium, usually resulting from exposure some years ago, especially 
ill radium-dial workers and in patients given radium therapeutical- 
ly, continues to receive attention. The occurrence of osteogenic 
sarcoma was attributed to radium as early as 1929. 

The introduction of the cyclotron, the subsequent dex-elopment 
of nuclear reactors, and the exploitation of these and other in- 
struments for the production of radioactive isotopes and even of 
nci\ elements have increased Iratb the hazards of radiation and the 
opportunities for the stud^' of its effects. Concurrently, analysis of 
ph^ siologic mechanisms by use of tracer quantities of radioactive 
material has been made possible and has come into extensive use. 
INfetabolic studies of the rare elements, as well as of calcium and 
pliosphorus, have been fadlitated, and information not otherwise 
obtainable has appeared in the literature. Understanding of the 
biologic applications of radioactivity' depends upon the advances 
made in atomic physics. 

1. Atomic Nucleus 

NUCLEAR STRUCTURE 

Thenucleusof thealomrepresentsallof the properties that distin- 
guish the individual atom and by far the greater part of its mass. 
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Around it revolve electrons, commoD to all atoms, each carrj'ing 
the negative electronic charge e. It is not within the scope of this 
volume to enter into the details of nuclear structure, but certain 
features are essential to orientation in the subject matter of this 
chapter. 

The nucleus contains two kinds of elementary particles, protons 
and neutrons: either serves as the unit of mass; to each is assigned 
mass number I. The important difference between them is that 
each proton carries a positiw chai^, equal in magnitude to tiic 
negative electronic charge e, while the neutron carries no charge. 
Each element in the periodic table has a different number of protons 
in its nucleus; this is its Z or atomic number, which characterizes 
the element. 

The neutron, also a constituent particle of the nucleus, adds to 
mass in proportion to the number present and thus contributes to 
the nuclear mass, but not to its charge. The sum of the number of 
protons in a nucleus, plus the number of neutrons, is the A or mass 
number; this together with the atomic number or nuclear charge 
characterizes the nuclear species. 

An isotope, or nuclide, is a single nuclear species of a particular 
element. A given element may have as few as three or as many as 
fifteen or more isotopes; all have the same atomic number, contrib- 
uted to by the protons constant for each element, but different mass 
numbers, determined by the sura of protons and neutrons. An 
isotope, or nuclide, may be stable or radioactite. 

RADIO.KCTIVITT 

Radioactivitj’ depends upon the emission of energy in the fonn 
of radiation; this results from a condition of instability in the nu- 
cleus, which seeks a le\el of stability. Emission of energy from a 
given nucleus is in one or more of three forms: (1) alpha particles: 
(2) beta particles, or electrons, either negatively or positively 
charged; and (S) gamma rays, or electromagnetic radiation. Alpha 
or beta radiation is associated with decoy of the element, resulting 
m spontaneous transmutation to another element. The physical 
half-life of a radioelement is the time in which the amount of a 
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radioiiotope is reduced bj' decay to lialf its initiai value. Gamma 
radiation, while originating from isotopes undergoing alpha or 
beta decay, is not itself a part of dccaj' or transmutation, since it 
represents neither loss of mass nor of charge. 

Alpha parlicles carr 3 ’ tn'o po«li\-e charges and are composed of 
two protons and two neutrons; they are identical with the nucleus 
of a helium atom. Tlieiremisson is tlie result of dljAia decay, u-hicli 
occurs predominantly in elements with atomic numbers greater 
than 82. Emission of an alpha particle from the nucleus of an atom 
results in the loss of two positive charges and a reduction of 4 in 
mass number; the net effect of this is /raruntidafton to a different 
element. Host of the heavy elements, with atomic numbers greater 
than 82, arc unstable with respect to alpha decay. 

jffefo partides are ulentical svith electrons ami may be eitlier 
positively positron) or negatively (^, negatron) charged. For 
a beta particle to be emitted from a nucleus, which has none in its 
structure, an electron is created in the act of its emission. This re- 
quires that either a neutron or a proton, commonly the former, 
must undergo transfonoation to the other; a neutron thus gains a 
positis*e charge, while releasing a negatively charged electron, and 
becomes a proton; a proton loses Us positive charge, releases a 
positively charged electron, and becomes a neutron. At the same 
time, in either case, there is released another particle, of infinitely 
small rest mass, and without charge — the iieutrino. UTien Ida 
decay of a nucleus occurs, the mass number remains the same, n hile 
the atomic number is either increased (,0~ decay) or reduced 
decay) by one. Beta decay thus results in transmutation to another 
element; fonnation of another isotope of the same element is not 
a jiossible consequence of beta <Jecay. 

Gamma rays represent electromagnetic nidhition emitted from 
the nucleus of the atom, as phd:oHS, E.vcepl for differences in ^yavo 
length and, consequently, in penetraling power, gamma rays are 
identical witli llglit rj»y.s; they haw properlie.s .similar to those of 
X rays. Tlie emission of gamma rays from Uie nucleus occurs as a 
coucomllant of an excited state of the nucleus, ordinarily associated 
with alpha or beta decay, or both; it represents an adjustment of 
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the energy relations within the nucleus, and its terminal state Ls 
de-excitation or return to the ground state. Gamma radiation, per 
se, leads to no change in the mass or the charge of the nucleus and, 
thus, to no transmutation of elements. 

There are two situations in which only gamma rays are emitted 
from an atom; one of these has bearing on the ordinarj' use of 
isotopes. This is the phenomenon of electron capture (EC), by which 
is meant that the nucleus captures an electron from the outer shell 
of the atom; this results in the transformation of one proton to a 
neutron, and the reduction of the atomic number by one. An ex- 
cited state of the nucleus loaj' result, accompanied by the emission 
of gamma rays. Of the isotopes in common use (Table 5), those 
that undergo transformation to other elements, witli emission of 
gamma rays only, are: Be’ to Li’; Sr** to and Ba*** to O'”. 
In addition, the transition of F'* to O’* and of Na” to Xe” occurs 
by a combination of ff*" decay and electron capture. The second 
phenomenon associated with gamma radiation alone is that of 
isomenc transition (IT), which represents a delay in adjusting to 
the ground state. Since the half-Uves of isomeric states are general- 
ly short, this phenomenon is not important in the biologic applica- 
tions of radioisotopes. 

lUDio.vcrn’E isotop£.s 

The terra isotope, or its synoiomi, nuclide, refers to any one of 
the forms an element may assume; a nuclide is characterized by the 
atomic number of the element and the mass number of the particu- 
lar nuclide. The term isotope does not itself imply radioactivity; 
an isotope may be either stable or radioactive. A radioactive iso- 
tope may be designated as a radioisTdope or radionuclide. 

Many isotopes occur naturally; others are produced artificially; 
the number of known isotopes of all the elements is of the order of 
1,000. New elements, as well as new isotopes, ha\’e been formed in 
the laboratory. In addition to the transmutations that occur 
naturally, as in the decay of the hea^'J' elements, such as radium, 
transmutations may be induced. Of these events the most dramatic 
is nuclear fission, brought about in the atomic bomb, and resulting 
in radioisotopes of the 34 elements in the periodic system from zinc 
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(clomcnt SO) to the rare-earth europium (element C3). In some 
instances several isotopes of the same element may be formed ns 
fission products. Other radirasolopes arc protJncct] by Ix^mlKird- 
ment of the nucleus «-ilh particles, more commonly neutrons, 
which add to the mass of the nucleus that absorbs them, resulting 
in a new isolojie of the same element, with an increase by one in llie 
mas.s mimljer. Other examples of transmutation are deufrron-in- 
(/iice<f, alpha parlkle-indneeil, or profon-indueed. Senlron bombard' 
virnt rcfiuires a source of neutron flux, commonly a nuelear reaclor. 
Induction by dculcrons, alpha particles, or protons requires ac- 
celeration of the particles, in onler that they may acquire suf- 
ficient cnergj* to enter the iiiicleus under Ijombardmenl. .1 s^iricly 
of high-energy aceeler«tor.s is nowai'ailahle for re.yareh in particle 
7 >hysics, us well as for the foniintion of new i.solo|)cs. An interesting 
development is that of an electron linear nccelcmlor which pro- 
ducx's ver>' high energy electron beams; this can l>e use<l to produce 
an array of isotoiios not otherwise available. An important source 
of radioisotopes is by extraction and purification of fission products 
present in the fuel waste from atomic reactors. 

2. Uadiatio'c aS’o 11on'>: 

From the wealth of material now available, we liave chosen to 
limit ourhclvos to: (1) the melalmlism of radioclcmenls having a 
special affinity for the skeletal system; (2) the pathophysiologic 
cflecls u|>on Ikuic of internal and of external nidiallon; and (U) the 
use of radioisotopes ns Iniwrs in the .study of t*one. 

FIXATION' or RADIOEt.KMF.S'TS HY SKELETON 

Kxperiments with radioactive elements have firmly eslahlished 
the concept of the skeleton as a dynamic system. In nihlilion to the 
changes in slnicttire and in distribution of the l>one mineral meili- 
nted hy cx-ffufar netivi’ty, e\x*ry iomc psjuping m (he mmemf k 
subject to replacement. Aforeox'er, many elements have a .sjiecial 
affinity for the Imne matrix and inny remain fixed in it for long 
periwN of time. 

Hejilni'cment may occur at the surfaces and within the structure 
of eiystals. It is ajipropriate to consicler Ihevi phenomena ns re- 
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suiting from two p^occs^es: rapid ion exrhangt* in and on llic crystal 
surfaces and slow incorixiralion of ionsnitliin tlie crystals liv Inlra* 
crystalline excliaiige. llolh occur coiilimiously; to them must lx* 
added the fonnation of new crj-slals during gitm th and rt-c-onstnic- 
tion of bone; remodeling crj'stals by recryslalliratlon is nM Ix*- 
licved to occur. 

Ilecause of the manner in which Ixinc is renew e«l by ertision and 
deposition, there is a definite iialteni to which cvehange omfoniis. 
In the area of gn»wth and remodeling, when* vascularity is great- 
est and all tlie crystals arc of res-enl origin, theccpiilihriiiin lx*twceii 
the intercellular fluids and the mineral phase is rapid and nearly 
complete; in such areas the uptake of administered radioisotopes 
is at its maximum. In the older osteons of adult compact lx>nc, and 
in lamellar bone, the crystals are parti.ally isolated and less nhlc 
to incor[)orule new ions, either physiologic or fon-ign, into the Ixjnc 
mineral. Even in .such Ixme, howesTr, there is iliffii**! dejiosition 
of radioclenient.s, hy long-term eiekange. 

The most striking sequel of administration of ridioelcineiils with 
an nflinity for Ixirie is their dc|K>Mtion in new and incompletely* 
mincralired osteons, The result is a spotty distrihiitlon of di'*erele 
foci of intense concentration; these an* the nn*as fn’<itiently gi\rri 
the designation of holspcia. 

The concept of intracrystalline exclwiige has imixiflant Ix’aring 
on the Ix'havior of elements avsoci.*ited with the Ixiuc iiiinenil. 
These elements, stndieii largely by the use ol nulioisoloix-s, may 
Ik* divided into two gmiips: (1) those* cleineiils or ionic groujiings 
which «iii enter into a surface reaction with the Ixme cry.stals hut, 
Ixfiiuse of sjiace considerations or electric charge, ramiol Ik* incor- 
jKiratcd within the.slnjclurc;an<l (S) those winch c;in snhsliliitc for 
the nonnal wiistituents of Ixinc in the interior of the crystals. 

.\n examiilc of the first category is uramtiiii. This element ran 
Ik* held at the surface as the watcr-soluhlc uranyl ion, I O,*. 
Since this remains exposed to llic bmly fluids, it is rapidly rernovei! 
and excreted; it has a relatively short efTeclive Imlf-lifc. C oiiiplex 
ions, such as citrate, are also fixcsl at the surfaces; it is still iin- 
sertain whether ttirlxm rlioxide, ns C()*. is held on the surfair, or 
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in tlie crystals, or both. Substitutions of ions, both in the surfaces 
and in the interior of crj’staU, is taken advantage of in experimental 
work and in clitneal investigation by administration of the radio- 
isotopt's of calcium and of strontium, chiefly Ca**, Ca”, and Sr**. 
Radium and lead are also capable of such substitution. 

In addition to the elements associale<l with the mineral of bone, 
a considerable number, of which the protot\*pe is plutonium, do 
not react wth, or substitute in, the bone salt, but do exhibit a pre- 
dilection for deposition in the bone raatriv. Except for S’*, uliich 
substitutes in the sulfated mucopolysaccliarides m the ground sub- 
stance of bone and cartilage, the nature of the combinations by 



Fio 27. — MicroraJIogreplt (fc/i) ntul nlplia-tnick nuloradiogrupli (_nghl) nl 
single osteon from coinp.sct bone of a woman wlro receistd 41 weekly injections of 
riidiuiii cliroWde at ags^ S2 and dktJ years bter. Bone cmlici'Jdcr} in niclly I 
inctliacr^Utc and sectioned at 100^ with lugfh-specd rotary saw, without further 
treatment. Microradiograpli made wUli 10 K\' X rojs on Kastman Kodak 640-0 
spectroscopic plate. The osteon is labeled throughout, owing to length of period 
over which rnchum was nifministered. The hyperealeifieation around Ifw? haiersian 
canal in the jnicroradiograph b characteristic of radium poisoning. X'tSO. (From 
original of Fig 2, UowLind and Marshall, Radiation Hcs., 11:304. llcproduccvl by 
courtesy of the publishers.) 
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which elements may remain fixed for extended periods in the 
organic matrix is poorly understood. 

Tabic 5 summarizes infonnarion concerning the radioactive 
isotopes of elements of special interest In relation to the skeleton. 
Those included have assumed importance, either because the^* 
constitute a hazard to man, or because they are useful as tracer 
elements in the study of bone; others, known to be bone-seekers, 
but of theoretical interest only, are omitted. The table includes the 
half-lives of the elements hste<I; the types of radiation emitted, 
with their energies; the t 37 )es of decaj' and transition products; 
and some information concerning the interest in relation to bone. 
The half-life of a radioisotope is the length of time for it to reduce 
its radioactivity, by deca.v, b^' one-half. 


FISSION PRODUCTS 

Nuclear fission has assumed importance, not only because of Its 
destructive properties, but also because of tlic liberation of radio- 
active fission products in the testing of mideor \seapons, and lx?- 
cause of the much greater hazard from the possible use of these 
weapons, in quantity, in war. In the detonation of a bomb, cleavage 
of n uranium or a plutonium nucleus leads to the formation of two 
atomic nuclei, each of which is unstable and radioactive. The mix- 
ture of fission products emits both beta particles and penetrating 
gamma raj's. It includes a number of elements whose half-lives 
vary from a fraction of a second to manj- j'ears; the intensity of the 
radiation falls off sharply with time, owing to the rapid decay of 
the radioisotopes with short half-lives. Among the 34 fission-product 
elements, some of which are represented bj’ more than one radio- 
isotope, there are 14 whose rales of decay are expressed in terms of 
(lays or years, and which are produced in relatively large amounts 
by fission. Almost all the radioactivity remaining in a fission-prod- 
uct mixture after it has decaj'ed for a week comes from the iso- 
topes of these elements. Of these, some may be stored in bone for 
twentj’-fivc to five hundred daj's or more, and thus constitute a 
potential hazard; only two are absorbed to a significant degree by 
the gastrointestinal tract. Tliese are strontium and barium, both 
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iiicml)ors of Uic alkalitip earth series; only strontium is fouiitl in 
sufficient amounts among the fission products to constitute a 
significant hazard; for this reason, and I>ecause of (he amounts of 
strontium lilwralcd into the biosphere ly atom Iximb tests, current 
attention is centered on the Kidioisotopes of this element. More- 
over, of the r3uriciisoloj)cs of .slrontiuin liberated by nuclear fission, 
only Sr®® has a long half-life (27.7 years); that of Sr*® is fifty-one 
ilays. Thus of all the fission products, the long-term hnznnl to man 
b.\ virtue of uptake and retention in bone, narrows «Ion n to the one 
radioisotope, Sr®°. 

STKONTIfM-f)0 

Most of the Sr®® found in man and animals, as a result of con- 
tamination of tiie attnosplicre, gains entrance by ingestion in foods; 
(he pathway fs air to pfants, Wa soil or ih'rect uptake by feaves, 
plants to man, either slirect or \*ia the flesh or milk of animals 
ingcstingcontamiiiatcd plants. While the behavior of strontium in 
plants and in the animat bo<iy is .similar to tlmt of calcium, there 
arc diflcrcnccs that arc significant in the hazani to man of Sr®®. 
Cnmap and others have shown that differential Iwhavior of calcium 
and strontium occurs mainly in (1) absorption from the gastro- 
intestinal tract, (2) reahsorplion in the kidney tubules. (3) transfer 
across the placenta, and (4) stKirelion into milk. In each case there 
is discrimination against strontium in fasror of calcium, and Comar 
has intro<iuccd a diicrimtnafion factor, to apply to a particular 
physiologic process that brings alwut the <liffercntial Ijehavior. In 
an approach to s mechanism tor discriininalion, Schachler and 
llosen have found that while rnlciiim and magnesium are Irnns- 
IKirlcd in rilro from the mucosal surface of the gut hy a mechanism 
limited in capacity and deiwndenl u|mn oriilative phosphoryln- 
lion, this is not ojicralive for strontium. The .stronlium/calcium 
ratio in lione is niiproximatcly equal to that in the bIoo«l. It appears 
that Iwne, in riro, does not discriminate against strontium. The 
.strontium /calcium obserreU ratio, diet to l#one, lias, however, lK*en 
found to lie low in all animals studied, owing to discriiiiination in 
intestifial net absorption an<l in iirinarj'cvcrction. The ki«h»\vs dis- 
criminate against strontium by a prefenmljal jrabsorfitinii of cal- 
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cium, the net result is that the organism has some protection 
against retention of Sr“ in the body. 

An alternate route of entry is through the lungs. Inhalation of 
aerosols of fission products or of plutonium will lead to much the 
same distribution in the body as if the substances had been ab- 
sorbed by the gastrointestinal tract. Aerosols of insoluble materials 
are however, poorly absorbed through the lungs, being largely 
moved out of the bronchial tree by ciliary action and swallowed 
with the sputum. Only about onc-twentieth of the present amounts 
of in the skeletons of the adult population, resulting from fall- 
out from the biosjihere, can be attributed to inhalation. Other 
routes of entry, of lesser importancc» arc by contamination of 
wounds and by percutaneous absorption. 

REMOVAL OF ISOTOFES FBOM BONE 

Many efforts have been made to find methods by which radio- 
active elements, once absorbed into the body, can be prevented 
from deposition in bone, or having been so deposited, can be re- 
moved from the bone and from the organism. Two Ijiies of ni>- 
proach are under current consideration: (1) the use of carrier 
agents, such as zirconium, which form colloidal aggregates with 
the radioelcmcnt in the blood, then to be removed from tlic circu- 
lation by excretion through the kidney; and (2) complexing and 
chelating agents which form soluble, non-ionic, reatlily excreted 
complexes with the radioisotope. As to carrier therapy, zirconium 
has been used successfully to remove plutonium, yttrium, and 
cerium; it is most effective If given at a time when the blood level 
is highest, i.c., as soon as possible after it enters the blood. It has 
not been useful in increasing elimination of strontium or of thorium. 

The chelating agents, espedally polyamino acid comi>ounds, 
sack as etbylenediarziine telraacetic acid (EDTA) and dielh^hne- 
triamine pcntaacetic acid (DP'FA), haw proved \ery useful for 
removing a number of radioisotopes from the body, including 
plutonium, thorium, yttrium, and the rare earths, such as cerium. 
Again, these agents ha\e not been effective against strontium or 
radium. 
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In no caM! is it to Ire exirecled Uiat removal of an element from 
the stable bone mineral will be practicable, since this would require 
virtual demineralization of the bone. The abo\t! nicthwls may be 
expected to reach only the isotopes still in the blood, or at the most, 
those in the readily exchangeable portions of the Irene mineral. 

S. Effects of RADi.vnov upon- Bon'r 

UNITS OP ILiDIOACTIVlTV AND OF nADMTION 

The unit of mdioacVivhy is the curie, abbreviated o. This Is aji- 
proximaleJy the activity of 1 gm. of radium, and the unit n/TonUa 
measure of the radioactivity of any nuclhle in comparison svilli 
that of radium. For small amounts of ladioaclivily the terms mil- 
licurie, me, and microcurie, #ic, are used. 

The effect of radiation in biologic systems is dotcrmincii by the 
energj* transferred to the system. The two units in common use for 
expressing this energj' are (1) the roentgen, ahbreviatcil r, and (2) 
the rad. Another unit, used with respect to calculations mvolveil 
in radiation protection, is the rem, originally an abbreviation for 
roentgen equivalent, man; still another unit is llic roentgen equiva- 
lent physical, abbreviated rep. The roentgen unit is used for X or 
gamma radiation only and is liased on the ionization prodneexj In 
air; the rad is used for all types of radiation, interna! or c.xlerna), 
and refers lo amounts of rnergj- al>sorbeil. The ra«l is tire more 
generally useful tenn; it is defined as 100 ergs absorlred per gram 
of lis-suc. The roentgen is the exposure dose; the rad is the absorlred 
dose. 

EXTERNAL ILsni.STlON 

The Irenes of ajlulls have a bigli degree of re.sistancc to radiation. 
The Irenes of children, howcs-cr, and |>articularly the groRtli ap- 
IKirutus of the long Irenes, arc suvx'ptihle lo injury. Such injtuy is 
not a hazard of on/inarj* diagnostic rocnfgenographj’, hut over- 
exposures may result from therapeutic «id)af)on,'ijnin/oniied uscof 
fluoroscopic equipment may also be responsible for harmful effects. 

In experimental animals, total bo<ly irradiation vsill usunllj- re- 
sult in death from doses below those noeexsarj' lo cause damage to 
Irenes. Much higher dost's, restricted lo local areas, may, liowe%-er. 
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cause extensive changes in the liones. The parallel columns of carti- 
lage cells in the epiphyseal cartilage plate become disarranged; the 
cartilage cells sv,e]l; ami the matrix takes on a mottled and fibrillar 
appearance. Grow th ceases, mainly as a result of interference with 
the ingrowth of bJoml vessels and M'ith the replacement of the 
hypertrophic cartilage. Osteoblasts may disappear, assuming the 
characteristics of reticular cells. If the damage to the growth ap- 
paratus is slight, recover^' will occur within a few weeks; larger 
doses may result in permanent impairment of growth. The changes 
to he expected in growing children are similar to those found in 
young animals. 

Damage to the bones of adults is most often seen following very 
heavy and localized X*ray treatment or similar radiation from 
other external sources. Spontaneous fractures of the ribs, of the 
neck of the femur, and of the jaw have been reported under such 
circumstances; the lesion responsible for the fractures is necrosis. 
Serious marrow changes are produced at doses much lower than 
those approaching the threshold for damage to bone substance; 
damage may be done to the vascular channels, both of bone and of 
Ixme marrow, at somewhat higher doses than those that affect the 
hemopoietic function and the formed elements of the marrow. 

IKTEnVAL lUDUTlON 

The effects of radiation from radioactive elements deposited 
within the skeleton are essentially similar to those of external ra- 
diation. Alpha and beta particles and gamma radiation result in 
similar effects; observed differences depend more upon the distri- 
bution of the element in bone and the intensity of radiation than 
upon differences in the tjpe of radiation. /Vlpha particles, which 
have a verj’ short range, do not penetrate as far as do beta particles. 
Gamma radiation influences tissues at much greater distances from 
the source. On the basis of an equal amount of absorption per unit 
volume of tissue, alpha particles arc considerably more effective 
than is beta or gamma radiation. For this reason, alpha emitters, 
such as plutonium, deposited in the endosteal surfaces of bone, in 
close proximity to the bone marrow, are especially destructive to 
the marrow’ as well as to the bone. 
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moLOGic ^J•^ECTl^^:^•Ess 

TIk* biologic cfTcctivcness of inlrmal fs»«li.ition, lx*siclch Wiig <!c- 
jK'iiilcnt upon ils ([ualily ami inlensity, U «lcterniiiu*«l by a combi- 
nation of the physical half-life of the nulioelcmcnl anti its hioloyic 
half-life, ttliich h the time rr(|uire(l for the biologic system to eHm« 
inate onc-half of the Mihstanec that has l)Ocn introduceef into it. 
The rffeclire half-life of a m((!oiv>topc in a biologic system is the 
resultant of a combinalwn of its pliysicHl and its biologic luilWife. 
I’or those elejDcnls fixed in bone, the effective haJMi/c in this hjca- 
lion tnay l*c nssnined to Ik? relatively long; in the ease of tlie long- 
lived isolojK's it may far exceed the lengtli of life of the indisuhial. 

The rclatire itoitjgic effeelireness (UUK) refers to a tsmiparison 
iK'lsswn different typos of radiation and difforcnl elements or iso- 
l<i|K'S. The concept has a limited usefulness, sinw the biologic ef- 
fectiveness of any nnliation de|>cnds on many factors in addition 
to the characlcrislics of the source of radiation, including biologic 
half-life, dixtrilmlion amf retention in tissues, tunl difTcrrntvs in 
Misceplibility of tissues, ^^oa•over, (lie UIIK of alpha to l»eta ni- 
diation changes niarkwlly ivilh the level of dose. .\.s « useful guide, 
the relative biologic effi*cli\‘onos.s of the various lyjics of ioni/ing 
radiations, other conditions liciiig cijual, limy l>c approximated us 
follows: X rays, gamma rays, l>ctii rays, and electrons, 1; alpha 
parlicle.s, 10; for tissues within the short rongc of alpha radiation 
the biologic effectiveness is some ten limes as great as for other 
tyiws of internal radiation. 

Then* is now a gR'al deal of iiifonnation tsnicetning the effects 
of nidiuni de(Kisi(ed in the bones of man. Of that nhich remains In 
the Jjones over jicriods of yrars it may Ijc assumed that all is eveii- 
lijuUy iijcorjwnitcd within the rrysUils of the Ume mineral, sviIh 
.stituling therein for cafeiiim. Since radium remains nithin the fxine 
mineral, nuinly within the lamellae of compact l>onc at .some dis- 
tanw from the marrosv «ivily,aml since mditim and its raiiioaclive 
decjiy products emit chiefly short-range alph.a |>arUcles, the effi'cls 
on the Iwne marrow may not lie |irominent. The organic matrix of 
bone is relatively resistant to radiation; but over a periwf of years 
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considerable damage may be done. In severe cases of poisoning in 
radium-dial painters this has frequently been manifested early as 
iiccrosh of the mandible, maxillae, an<l temporal bones. Pathologic 
fractures in other bones have also occurred. 

RADIATIOX AND BONE TUMOUS 

A manifestation of delayed tissue damage produced by internal- 
ly deposited radioisotopes, including radium, is malignancy; the 
induction period for apirearance of the tumors following uptake of 
radium has varied as much as from twelve to thirty years. Of the 
malignant tumors of bone, the most frequent has l)cen osteogenic 
sarcoma. 

Infonnation is also accumulating concerning the body burden of 
radium in individuals who develop bone tumors after the long 
latent period following exposure. So far, no case has been reported 
in which less than 0.4 ftc of radium, plus an undetermined amount 
of mesoUiorium, was left in the bo<ly of an individual developing 
an osteogenic tumor, who had been exposed to radium in adult life. 
On the other hand, one patient w'ith a low terminal body burden of 
0,8 fic developed a bone neoplasm. Radium had been given medical- 
ly twenty-four years previously, and Ibe total accumulated dose 
from mesothorium was estimated at 50 rads, with 1,100 rads from 
radium; these arc dosage levels at which major skeletal damage in 
other patients has been observed. 

The appearance of a bone tumor following radiation from an ex- 
ternal source was reported in 1922; since then, many isolated cases 
have appeared. In a recent report, seventeen patients presented 
bone sarcoma, sixteen of these following irradiation for iKsnign con- 
ditions. In another group of cases osteosarcomas were observed in 
patients given radiation for reasons other than benign conditions 
of bone. 

The effects of radioclements other than radium on bone have 
been rarely observed in man; reliance must be placed on experi- 
ments on animals. Compreliensive long-range studies on the toxic- 
ity of plutonium (i’li”*), radium (lia***), nicsothorium (Ra*-®), 
radiolborium (Th«»), and strontium (Sr”) are under way at the 
Radiobiology Laboratorj' at the Unh-ersity of Utah. Osteogenic 
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sarcomas are ijrodiKetJ in a colony of inhm] licafiles folloH-ing j.ingle 
injections of the isotopes, llndium and strontium arc pri- 
marily deposited in areas where bone is lieing formed at the time 
of the injection, with some diffuse distribution; plutonium, thori- 
um, and mesotliorium localire on endosteal Ixjue surfaces. Osteo- 
genic sarcotiias, dosc-ifviiciMfcnt and time-depencfenl, Imve fwn 
foundasa coMsetjurnceof all iJicAcradioeJements.'theynmfrequent- 
ly multiple. The rctattre bi(Jogic ejfeeiirness of the different iso- 
topes t!c|»cnds mainly on the retained dose level of each. 

Strontium, like radium, is incoriiorntcd within the cr>'slaU of 
the Ixinc mineral, following an inituil stage of rapid uptake by ev 
change for calcium ions at the surface. The incidence of bone 
tumors, in rats and rabbit.s, is approximately profurtiomsl to the 
dose of the rndioclcment. Single and multiple tumors and extensive 
mcladnses have been ohscrxTd. Kndioaclivc yttrium and cerium 
nlxo produce sarcomas in the skeletal system, esiKfially in the long 
Imncs. Following sublclhal doses of pbospboni«-32 a considemble 
proportion of the survivors ilcvcfop malignant tumors, usually 
osteogenic sarcomas. 

The luUlerii of Iwne tumor n*siK>nse, ns observed following in- 
troduction of Sr*’ or Sr” in CFi mice is as follows; (1) There is a 
Intent period, following which Iwne neoplasms, mostly osteogenic 
.sarc<}mns, develop rapidly, ami in many eases ns multiple neo- 
plasms. The Intent period w not shortened! by increasing tlic dose. 
(2) There is no Jine.Tr relation J*cliicrn <lo‘.c and rcs|»onsc. (3) The 
data are consistent with the existence of a tlm'shold 1k*1ow which 
narctimns nrc not induced. 

4. Jl.smoAcns'i: Tiucfits i.v Stvdx of Uosr. 

The use of rodioactis-e elements ns tracer* in the .study of l)one 
«lalc> fn>m the olisers'ationsof Cliiewitaand llevesy, iti 19;t5, when 
they demnnstrnte<l that then* was a rapid uptake of phosphonis-32 
by l)onc by exchange iK'Ust'cn the |dio«phnlc ions of the Iwtie and 
llaw of the l)lfK«l. Sinn* then, the use <»f tracer elements has l>een 
greatly extended nn<l has l»ceome a common prcK-cdure in mane 
laljoralories. 

There nrc two m.ain categories in the nse of tniccr r!emciil.s. 
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Either the element itself, as an ion or in an ionic grouping, may be 
administered; following this, its beliavior in the organism, usually 
with reference to a specific ^-stem, may be observed. The second 
category is the use of a radioactive element combined in an organic 
compound which itself may have specific physiologic activity-, such 
as that of a vitamin or a hormone; the distribution and metabolism 
of the compound are followed by observing the tracer elements. A 
variant of this is the administration of a labeled organic compound 
which has a specific metabolic pattern, or which may act as a 
building block in the synthesis of a more complex molecule; by this 
means complex reactions, and even cellular behavior, may be .stud- 
ied- Owing to the avidity of the skeleton for numerous elements, 
which has led to their being called bone-seekers, radioactive tracer 
elements have been much exploited; on the other hand, only a few 
labeled organic compounds have been used in studies of the me- 
tabolism of bone. 

AirrOBADlOOBAPIir 

The principles of autoradiography are applicable to study of the 
distribution of radioelemenls in the organism in a \’ariety of ways. 
The object containing radioactive material is placed in contact 
with a photographic emulsion, and, on dei’elopment, an image Is 
produced which provides visualization of the location of the radio- 
activity in the sample. On a gross scale, a whole bone may be cut 
with a saw, and the cut surface placed in contact with film; thus 
the distribution of the radioactivity may be viewed in either sagit- 
tal or cross sections of the bone. When desirable, serial sections may 
be made; in any case, studies of the deposition of radioelements in 
bone do not ordinarily permit decalcification. 

Autoradiographs made from thin puund sections of cortical 
bone are easiest to interpret. The information can be expanded by 
histologic staining to disclose the location of the endosteum and 
cells, by microradiography to show the density of the mineral de- 
posits, and by ultraviolet microscopy to reveal administered flu- 
orescing substances incorporated in the new’ lamellae all in a 
single section (see Frontispiece). 

For study at the cellular level, high-resolution autoradiography 
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is required, and the photographic imagtr on the fdm jnay Ije en- 
larged to any desired sl/e. A method in common use is to apply the 
photographic emulsion directly to a histologic section; by this 
means, the sectiorj stained by coneentionnl methods and the photo- 
graphic image o/ the radioaelivdty iii«y be viewed together under 
the microscope; a variation of this mclluHl is tlie use of a special 
eitmision that records the tracks of alpha particles from heavy 
elements deposited in the materiaf. Special emulsunis are now 
available for recording tracks of beta particles. 

Autoradiography may also be used m conjunction with paper 
chromatography. In this case, the autoradiogram is made from the 
ehromatogram, ami the two methods together seiwe to identify the 
material responsible for the raiHoaclivity. 

For the most pari, the information obtained by autonuliogmphy 
is of u qualitative nature. Optical densities of nulomdiograms have, 
lion ever, been measured with a densitometer. On a microscopic 
scale, ami with tlte use of htgh-Fesolutioti techniques, quantitative 
ujformation may lie obtained by wmiting alpha or btda tracks, or, 
for diffuse distribution of activity, by counting the iitimlKT of 
darkened grains m liie emulsion. 

1UDIOARS.4Y 

Quantitative methods for estimation of the radioactivity in saim 
pics of biologic materia! require: (1) preparation of uiiifomi 
samples: (2) counting of the numlier of disintegrations, jicr unit of 
time; and (3) expression of data, with apprapriatc corn'ctinns. The 
details of radioassay are highly speciali/ed, and are dependent 
iijion variablc.s that are beyond the .scope of this chapter. The end- 
result of radioassay is usually best expressed in terms of apcrific 
(letivili/, i.c., the amount of radioactive element jier unit weight of 
the element present, the weight lo Include Ixith active ami stable 
isotojies. In the fraction used to e.\press .specific activity the dc- 
uomiiuitor is the unit mass of the element, which may lie in lenns 
of weight or of niols or iniliimols. Tlie numerator may lie e.xpressed 
as ficnentugeof dose; inarrivingal this figure a correction is made, 
if necessary, for any decay that nms' haw occurred Ijelween admin* 
Mraf ion of (he isolojx' and finnl count of the sample. 
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EXTERNAL COUNTING IN VIVO 

^\Tien it is desired to detennme the distribution of radioactivity 
in the skeleton in vito, an external counting method may be used, 
by which observations are made at the body surfaces. For this pur- 
pose there is required a radioisotope which has a special affinity for 
the skeleton, and emits penetrating gamma rays. If the observa- 
tions are to be made on living man, it is also necessary that the 
amounts required to be administered shall be without danger to 
the individual; this means that preference is given to a short-lived 
isotope. 

The isotopes that meet these specifications, to a greater or lesser 
degree, and that have been used for clinical observations in man 
are and Sr*®. Ca*’ has been available only in limited quanti- 
ties; it has proved useful in detecting lesions in the skeleton, at 
times before X-ray e\‘i(ience is conclusive. Sr“, which emits only 
gamma rays, is more readily available, and insofar as the skeleton 
is concerned, furnishes information comparable to that obtained 
by the use of an isotope of calcium. For studies of distribution in 
man, with limited applicability to the skeleton, Na** has been used. 
It emits gamma raj s, demonstrable by external counting. 

ISOTOPES AND KINETICS OF MINERAL METABOLISM 

The radioisotopes with a special affinity for bone have prowd 
useful in the study of the kinetics of its mineral constituents. Mod- 
ern applications to calcium metabolism are described above (chap, 
xi). By estimating the rate of disappearance from the blood, fol- 
lowing intravenous injection of a radioisotope, and by estimations 
on bone, urine, and feces, it is possible to calculate the rates of ac- 
cretion and of resorption, as well as the amount of the isotope in 
the exchangeable fraction of the bone mineral. These calculations 
are aided by the use of an electronic analog computer. In addition 
to its applicability to caldum metabolism, the method has also 
been used with strontium and W'ith phosphate. 

ISOTOPES AND ION TRANSFER 

\Mien Ca^® or P” is administered intravenously to an animal, 
it is demonstrable, by autoradiographjs within a few minutes and 
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in specific loralioti<i. These arc chiefly tlie new and inroinplcleJy 
calcified osteons incident to the rcmotlcling of compact Iwtic: rapid 
dejwsilion also occurs suhpcriosleally and sulwndosteally in the 
prowing Iwnes of young animals. This occurs by ion transfer, a term 
applied to the ino\Tmcnt of ions iviltioul specifying the mechanism. 
When this occurs as a onc-tor-one exchange, without a net change 
in the solid phase, it is called ion exchange, which may be isoionic 
or hclcroionic. There is no essential difference lictwecn ion transfer 
nn<l ion exchange in Ixme; both occur passively in an approach to 
equilibrium with the fluids with which the ciyslal surfaces arc in 
contact. 

Although trnn.sfer of radioisotopes has liccn demonstrated nuto- 
radiographically only in the direction of Idood to Iwnc, it is com- 
monly assumed that transfer occurs in lioth directions, and that 
the areas in which deposition is demonstrable represent the labile, 
reactive, or cxcliangeahfe pool of calcium nn<l phosphate in the 
Iwnes. If thi.s a.ssumption is correct, it is these arras lluit arc re- 
sponsible for the rapid transfer of calcium from l»no to intercel- 
lular fluid and blood in the homeostasis of the calcium levels In the 
fluids of the body; a slower transfer of ions to blood occurs ns a 
result of osteoclastic resorption of stable fx>ne, under regulation by 
parathyroid activity. 

In addition to the transfer of loni, from the blooil to areas where 
radioactivity is conccnlratctl in the bone.s, a number of radioiso- 
topes arc dcTMsiled diffusely in association with the bone mincnil; 
this has been called the disuse eomjtonent of radioisotope distribu- 
tion, in contrast to the component concentrated in the new osteons 
and represented by the hedsjxds. The activity in the diffuse distribu- 
tion of radium in bone s.nmplc.s from individuals who have airricil 
radium twenty years or more has liccn found to lx* relatively uni- 
fonn in cortical bone. The asTmge magnitude of this activity is 
nlxnit onc-lmlf of (he total liody bunleii divided by the weight of 
the Ixmcs. The .specific actii'ilics in the hotspots arc. on the aver- 
age, ninety limes ns gnuil as in the diffuse eomjionenl; the total 
ninonnl rnirled in the hotspots is, lio>%ever, approximately espial 
to llinl in the diffuse csinijioncnt, when the entire shrlelon is taken 
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into account. Similar distributions arc found for Ca«; sodium, 
however, asNa”or NV*. is demonstrable only as diffusely dcjMsit- 
ed in short-term experiments; Na” has been found concentrated in 
new osteons as late as four naonths after it was administered. 

L.\BELED COMPOUNDS AND BONE 

The distribution and fate of hormones and v'itamins in the body 
Jias been, to a Jimifed extent, studied bj- means of JabeJed com- 
pounds. Examples with reference to the skeleton are estrone-lG-C'*, 
tritiaied estradiol (II’-6, 7-cslradiol), (P*-ergoeaIciferol, and trilialed 
amino aeidi. 

Evidence tliat endosteum is a target for estrogens, chanictcrislic 
for the mouse, is based on the localisation of radioactivity in the 
skeleton when other tissues hav'e been cleared of this activity. The 
patterns of distribution and metabolism of radioactive estrone are 
different front those of tntialed estradiol; tlie relation of the hor- 
mone to osteoblastic activity has not I>een established, ^^7lcn 
C‘*-lal>eled vitamin D was administered to rachitic rats, tissues 
intimately Connected with the turnover of phosjihale, such as bones, 
intestines, and kidneys, contained significant amounts of the la- 
beled sitamin. 

Triiiaied Ihymidine is rapidly coming into use as a label for cell 
nuclei. ThiTnidine enters the structure of deoxj’nucleic acid (DN’.\) 
during interphasc. tMien trilialed IhjTnidine is administered, the 
nuclei of cells undergoing division arc labeled, and they may, sub- 
sequently, be identified by microautoradiography. This procedure 
is currently being employed in the study of the life-cycles and 
transfonnations of the cells of bone, including pre-ostcoblasls, 
osteoblasts, osteocjtes, and osteoclasts. 

The deposition of matrix material has been studied by autoradiog- 
raphy after injection of varibus^ prectfrsors, such as C'^hicarho' 
nate, C‘*-gtucose, C“-pro!inc, S**-mctbionine, C^-methionine, H’- 
leucine, IP-methionine, and II*-glj-cine. Of these, IP-glycine has 
proved to be a useful tracer of newly-formed matrix. Jn sites of 
bone growth in adult mice, the glydne label has been found to ^ve 
a strong reaction in tlie cytoplasm of osteoblasts within thirtj" 
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inifuiles after injeclioii of Ihc (ritiatoil ainitio acid, « lion tlio pn*o>* 
woiis lis^ucroacU oiil.v incxJernlcly. .\l four Jiours lljc nidiiwicJivif.v 
in the osti'olilaots has (Itininlshcfl, ^liitc tlic })reo«L.«coiis tUsue is 
licnvily labolcil. Fniin those ol>scr\*ations it has l>ccn conchidcd 
lliat osloohlnsts clalinrate a matrix precursor within their cyto- 
plasm and release jt to preosscous tissue. Direct evidence for a 
evillagen precursor, tmpocollagen, has f>ccn obtained by addition 
of C*'-prr}li»c to a swApcnsioii of osteoblasts; this was foDoneil 
almost immedtalely by the apjieamnoc of jiroloin-liound 
hyilmxyprolino, although <'oUngcn filers %crc not ilcteclablc until 
a il.iy later. 



CHAPTER XUI 


Postfetal Osteogenesis 

Osteogenesis continues as the nonnal growth of bone through 
adolescence; it takes part in the physiologic turnover of bone 
throughout life. It becomes highly active in the repair of fractures 
and of other injuries to the skeleton. It occurs normally as extra- 
skeletal ossification in certain locations; as a pathologic process it 
is observed in the ectopic formation of bone. It can be brought 
about experimentally or in the treatment of fractures by trans- 
plantation of cells with osteogenetic potencies or tissues capable of 
leading to formation of new bone by induction: bone formation may 
also be observed in tissue and organ cultures. 

1. Tissue and Opqan Culture 

The earlier work on tissue culture of bone deals chiefly with the 
embryology of the skeleton. A review of the literature up to 1037 
by Bloom describes the techniques used to studj’ the behavior of 
cells in vitro. Culture techniques have been extended to include 
tissue culture proper, cell culture, and organ culture. Of these, tis- 
sue culture is the only method, thus far developed, applicable to 
the study of postfetal osteogenesis. In a successful culture the cells 
appear to revert to an undifferentiated state; they retain their 
osteogenetic potencies. 

OSTEOGENESIS FROM BONE ANLAQEN 

Ths^e-.srii'est rivA’.TOwi o/ iheskeieiJMt /sJirr sxisi 
the mesenchymal connective tissue in the core of the limb bud. 
With organ-culture methods, fragments of this tissue as small as 
thirty cells in volume, when cultivated, will produce the cartilage 
model of a bone. The cells first become enlarged, then spread apart 
by a homogeneous intercellular matrix, and finally are organized 
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as bone. The shape of a Iwne such as Ihe fcimir is predetermined in 
certain cells of the limb bud as early as the third day of life of the 
chick cmbrj’O. Tiie cartilage model is absorbed and replaced by 
bone through the formation of an inlermcdiate tissue dcscrilicd as 
chondro-ostcoid. Under these conditions cartilage is incompletely 
calcifiwi and transforms directly into Iwne (issue. If a cliondro- 
gcnelic core of the limb hud of an early chick cmhrj'o is dtsin- 
tcgraled by enzymatic digestion of Ihe intercellular inatrlv, thereby 
reducing isolated organa to suspensions of single colls, the sus- 
pended cells rcaggregatc and diilerenttatc into masses of cartilage. 
Clusters formed from mi\ed suspensions of chondrogcnctic and 
myogenctic cells produce an inner mass of cartilage and an outer 
sheath of muscle tissue. From tins it has boon concluded tiuit the 
discrete limb bud of the early chick cinbrj'o is capable of re-esUil>- 
lishtnga tissuedikc association and of resuming its characteristic 
hiAtolj 7 )lc do>'e!opment. 

Fell <icinonstratod that tissue-culture and organ-culture methods 
permit study of the response of isolated tissues and organs to vita- 
mins. There is a direct effect of vitamin A on skeletal tissue, specif- 
ittilly on the intercellular matrix of the cartilage. \Micn a culture 
medium contains an excess of vitamin A, differentiation of early 
chick-embrj-o limb buds is interferetf with by arrest of growth. I'lie 
cellular rones of cartilage differentiate, an<l periosteal bone deveU 
ops, but the cartilage becomes soft and gelatinous and loses its 
characteristic basophilic and roetnchromatic itaining reactions. In 
late fetal mouse limb bones, the cartilage matrix quickly disap- 
pears, leaving free chondroblasU during the rapid resorption of 
bone. The surrounding soft tissue grows profusely, but all that re- 
mains of the bone is a sheet of amoeboid cells containing a few 
fnigments of bone and cartilage. Vitamin A acts only on viable 
cells; cartilage models heated to 45'* C., Just sufficient to prevent 
growth, lose all the cffect.s of the vitamin. 

OSTEOOEVF.SIS FUOM OtTCnOWTHS OP UOKE TlsaCE 

A fragment of bone tissue about Smm. sqii;m% obtained from 
nine- to tsvcIsxMf.'iy infant rats, will proifucc an outgrow lli in tissue 
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ctiltHfp by the <Y>vcrs.ltp method within two clays. Tlic outgrowth, 
reprx'senting both lx)ne and bone marrow', consists of .an inner ring 
of spindle-shaped cells surrounded by anoulerringof frccamoclmid 
cells, .such as macrophages, eosinophil myelocytes, and hefemphrl 
myelocytes. The original e\planl ean l>e excised at four da.vs and 
rcimphinted in other nutrient media, to obtain new generations of 
oiilgroMing <‘elJs. Jvach outgroulh can be cillicr .sulx:»!liircd or 
transferred as a Jjomogeiious tran.splant to a host .site, to ilclermine 
its cell jMjtencies for differentiation into bone cells. 

After the cclK of the outgrowth are scjKirnted from the cxplanl 
of Iwne tivsue and transplanted, a new ring of closely packed fibro- 
blasl-likc cells appears in the center of the sulwiiUure. These cells 
ure offsjiring of primitive mesenchyme, emlotholium, reticular cclU 
of Imne marrow, or endosteum. Smnplcs of Ixme and Ixjne marrow , 
eonlnining all thcMi wUs. produce liclter mUgrowtlis nnd heaUluer 
cultures than do those scraped free of Ixjnc marrow. 

Masses of cartilage npjieur by the lliinl day; siiindle-shaiK'd cells 
are in the loose meshwork, where there is no Imne or cartilagi* for- 
iiintioii. lly the .sixth <lay the masses of bone, cartilage, or chondro- 
osleoid an* oimimscrilK'd by a perichondriumdike layer of spmdle- 
shaped cells, \Yhcn outgrowths are transplanted to the anterior 
ehamher of the rat’s eye, cellular differentiation follows the same 
s<‘fjm'nce a.s in a subculture, with the e.xception that there is less 
choii<lro-o!>te<iid. Inslcail, the cattlhigc matrix is culcifieil, imme- 
diately in\ nded by blo<id vessels and perivascular tx>nnM-tive tissue 


Fig. is. — of t>oite in tW an(rn<>r rliamlirr of tlir iryc nf Uie rat, 
fro'n tnatpt.inls of oiitgrontli uf tissue niUum of lione frtim a tisliy rat Fnig- 
menti of f>onr »en' niltiirod in rat iJasinnamttmtiryoeitrart.nie outgrow tli» wrre 
mno\ei) after tilaya in ril/vtni} transpttninl lo itieiruof normal rata. T})rs<‘ out' 
gmwlhi conlaincl no bone or c*rUL»|T. .1, after 1| tU}-* in tlic eye, ll»ere wa* no 
nwJjJb^ or b&w, JJ, »Sirr thysM the ryr^ rlioiMjro-fiwous llsaue drveJu^»il from 
file (^itiirc. after 0 tl.-iyi in the eye, tsuefi Lotte aii<t Cartilage ami some marrow 
apjieamJ. D. after 4 months, » "‘Ijone" with rentra! fatly marrow decelopeil. ,t. H, 
(\ Zetiker-fonnoJ, tiemalox>ha-‘^*'>'“*a’x II; X*0- O, formalin; silver nitrate- 
bematoTjUn-eosin; XiH (courtesy of J. II. IWnen). {From original pliotoiniero- 
graphs of FiR. liO. ^fasiniow atxf BIomh, Textbook of liMfoIogr [Cth cti.; nrili* 
delphU: \Y. It. tsattmlers Co., 105f]. n*jwwtiiccd I>y courtesy of llie publisher.) 
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cells, and finally replaced by new bone within two weeks. The 
sequence is that of endochondral ossification. The process is or- 
ganotypic; the cells of the transplanted outgrowth are capable of 
developing and becoming organized into an ossicle, filling the an- 
terior chamber of the eye (Fig. 28), 

The osteogenetic potency of the outgrowths is lost if separated 
from bone tissue for more than fourteen days before transfer to the 
anterior chamber of the eye. Nearly all samples will produce bone 
after eight days of cultivation, but after this time the cells revert 
to fibroblast -like forms and produce dense masses of fibrous con- 
nective tissue instead of bone. 

CALCIFICATION OF NEW BONE IN VITRO 
Chondro-osteoid and osteoid tissues appear in cultures of bone 
anlagen and bone outgrowths, chiefly because the amounts of 
calcium and phosphorus are insuCBcient to promote continuous 
deposition of bone salt. Transplants of outgrowth in the eyes of 
rachitic rats do not exhibit calcification in either cartilage or bone. 
The same tissue can be made to calcify within a few days if the 
rachitic host is treated ^\ilh parenteral injections of a solution of 
sodium phosphate or with vitamin D. 

FACTORS INFLUENCING OSTEOGENESIS 
IN ORGAN CULTURE 

Remodeling of bone and development of the internal architec- 
ture arc guided by intrinsic forces present in limb buds as well as 
by external forces. Cartilage differentiates, in vitro, from small 
fragments of a limb bud by an inherited capacity of the cells for 
self-differentiation without the necessity for an external force. 
Cultures of perichondrium subjected to pressure can be stimulated 
to produce an excess of cartilage. Organ culture has proved a useful 
method for study for intrinsic and extrinsic factors in skeletal 
development; explants of avian sternum will form a keel in the ab- 
sence of pectoral musculature, for which it normally serves as an 
attachment; a knee joint appears in the cartilage model of the leg 
from which the muscles have been removed; an cxplant of mouse 
sternal buds with rib stumps differentiates into a normal segmental 
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slniclurc, ^Iicrcas w{i<*n the rih atumj*-* arc mnowtl l)ofori‘ cx* 
jilantinp, the ^lc^num ossifies nx a cnnttnunns double l>ar wilboul 
M*piiienfation. For Hie present it is known that extrinsic factors 
play an inifiorlant role in osleoRcnesis; fmth biochemical and me- 
chanical influences arc present. Fractun* henlinff occurs in tissue 
culture just as In the normal .skeleton. 

folium fluorideand other substances that inhibit enzymes seem 
to have no effect on osteogenesis in tissue culture, .\lizarin He<l S 
added to culture media for supravital staining pennils fibrous con- 
nective li-isue growth and cbondrogenesis but inhibits osteogenesis. 
IlyaluronidaM* causes .stunting of giowOi of cartilage inoilels and 
diminished basophilia of llie earlilage matrix, wiOioiit any sjxx*jf)r 
effect on osteogenesis. The dislrilnition of phosphatusc in liyjwr- 
Irophic cartilage and oiteoblnsls U the same in tissue culture «s in 
the normal skeleton. 

2. Tiun-^plants or Hovb 

Progress in tissue transplantation has made it increasingly clear 
that several biologic principles, to Mime degree inlcrrelaled, arc cs- 
M’nlial to the successful transfer of lionc tissue, ns juclged by the 
sursdval of a f»on< gra/f, or by its replacement by new Imnc fonnetl 
by the host, with the end result, in either ca.se, of annlomie and 
fundional repair of a skeletal slefrel. Infonnalion to this effect has 
come from both experimental nnd clinical obsenTilions, the results 
of which may Ik* put in a perspectisx of interest Ixilh to the biologist 
and to the surp'on- 

The major principles to I»e token into account are; (1) os/nn 
gfur/if jiotency, or the ahilily to form lionc, cxpn*ssetJ as osfroffenttie 
ofiiriti/ of Ixjne-forming cells; (2) survival and prolifcmtion of 
Iransplanteil tissue or cells, giving rise to the fonnation of new Ixmc 
originating from the transplant; (3) the jmwuwr rrsjMnse of the 
host, to the InuisplanlerJ tissue or cells, nhich may Ik? the major 
factor in determining whether the transplant svill survlsx*; (4) 
imiurlion of new Ixini’ fonnation, under the infliicnci* of sfH-eifir 
pm|>rrlies residing in the Implant, eonfrrring osli^ogenetie jKitemy 
on the tissues of the host; nnd (5) n non-sjsecjfjcnflinily of tl>e host 
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for the interstices of an implant of devitalized bone or of an inert 
material, leading to its removal and replacement by bone. 

The Mork of iMedawar and of Burnet, for which the Nolwl i)rizc 
in medicine was awarded in 1960, has finnly established the thesis 
that the immunologic defenses of the organism against foreign pro- 
teins are responsible for rejection of homogenous transplants of 
skin. This mechanism b doubtless operative with respect to homo- 
grafts of bone, although the fate of transplants of homogenous bone 
is determined in part bj- factors not applicable to skin grafts, in 
which the success of the procedure depends entirely upon the sur- 
vival of the donor cells; such sun-ival may, in fact, lessen the prob- 
abihtj' of acceptance of a bone graft. For reconstructive surgery of 
the skeleton, when viability is not essential, and only an absorbable 
framework inaj l)e required, it is often possible to use implants of 
devitalized and preser\'ed homogenous or Iictcrf>geiJOUs l>onc, or 
even of inert .substitutes for bone. 

OSTEOOEVETIC rOTENCV 

\ connective tissue having the capacity to form bone has or/co- 
genetic potency; when this characteristic becomes manifest, the cell 
exhibits o^teogenetic aclitily. Osleogenetic potency may be inferred 
and osleogenetic activity observed in many situations in the or- 
ganism, most prominently in embiyonic and postfctal formation 
and growth of bone and in the healing of fractures. Wo are here 
concerned with the ability of transplanted cells to sumve, pro- 
liferate, and exhibit osleogenetic activity, and with the means by 
which osleogenetic potenej- may be conferred on cells, and osleo- 
gcnetic activit^v elicited and observed. 

IlIJIUXE HESPON'SE 

Of the factors entering into the problems of tissue transfers, th.it 
of the greatest interest, both experimental and clinical, is the im- 
mune response of the host to the implant; upon this depenils the 
interpretation of many of the results obtained from experimental 
transfers of bone, as well as the feasibility of surgical transfers un- 
dertaken for the repair of defects in the skeleton. There is an in- 
creasing body of evidence that the general principles arrived at by 
transfer of soft tissues, including skin, are applicable also to bone. 
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membrane will survive if the pores of the membrane are small 
enough to prevent the passage of whole cells, but large enough 
to permit the diffusion of substances dissolved in the plasma, in- 
cluding humoral antibodies. There is evidence that the cells of 
living implants of heterogenous tissue are killed by circulating 
cytotoxins, produced by the host in response to the foreign pro- 
teins of the implant; the participation of humoral antibodies in the 
immune response to homogenous transplants is not excluded, al- 
though Curtiss et al. failed to detect circulating antibodies in rab- 
bits injected with soluble or insoluble portions of homogenous bone. 

The mechanism of the reaction of the host to homogenous trans- 
plants of bone is not clear. In the case of skin transplants, Medawar 
has characterized the delayed reactions as fundamentally cellular 
as opposed to humoral, and has stated that they depend upon “the 
activation, deplojinent, and peripheral engagement of the Ijinph- 
oid celts ’’ There is no doubt that bomografts of solid tissues lead 
to inflammatory reactions, in which round cells and histiocytes 
predominate. Descriptions of the histologic features of the inflam- 
matory reactions to homotransplants of bone in rabbits arc given 
b}' Bonflglio and his collaborators. 

Ennekmg has reported histologic studies of the response of rats 
to autogenous and homogenous transplants of bone. Until the 
fifteenth day after transplantation there was no difference in the 
response of the host. After the fifteenth day only the proliferations 
of autogenous transplants consistently survived and aided in re- 
pair. The majority of homogenous transplants (34/52) invoked a 
major inflammatory host response, which obliterated the perios- 
teal proliferations and prevented repair or replacement of the 
transplants. A smaller number (11/52) brought about a minor 
inflammatory response, which did not prevent the reactive bone 
of the host from crossing the transplant-host junction and repair- 
ing and replacing the transplant. A still smaller number (7/52) 
were accepted as though they were autogenous. The differences in 
the reactions of the host arc probably attributable to the degree of 
inbreeding of the Sprague-Dawley rats used in the experiments. 
Enneking has also investigated the effect of whole liody X-irradia- 
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sue treated in such a way as to destroy its antigenicity and then 
prcscr\cd in bone banks, in which case the other factors concerned 
in the transplantation of bone are of primary importance. 

INDUCTION 

Induction has been defined, and its role in the development and 
growth of bone has been discussed in chapter iii. Essentiallv, 
{fi(/uc(ion is the influence that one tissue may have upon another in 
close contact with it, as a result of which the secoml tissue is in- 
duced to exhibit activities not previoush’ in evidence. An example, 
relevant to this chapter, is the formation of Iwne following implan- 
tation of bone from another individual. In such instances the im- 
plant docs not itself proliferate and form new bone, but it may 
produce an effect upon the cells of the host to cause them to differ- 
entiate into osteoblasts and to organize in the form of a Jjone. The 
study of induction is aided by the use of biologic systems which arc 
not complicated by an immune response on the part of the host. 
For this reason autogenous implants are favorable for obsen’ntion 
of induction phenomena; the anterior chamber of the c^e also 
provides a favorable environment, even for homogenous trans- 
plants, since interference by cell-borne antibodies is reduced. 

Induction systems for bone formation generally obey laws gov- 
erning cellular differentiation. Tlie inductor is transmitted by a 
specific tissue, such as growing cartilage or urinary bladder epi- 
thelium, for a specific period of time. This may require a long ex- 
posure or latent period and may have a relatively short jieriod of 
action. Xonnally the inductor is producer! by proliferating cells, 
but it can emanate from resting, degenerating, or devitalized tissue. 
The inductor is believed to be transmissible over a short distance, 
rather than diffusible and extractable. The cells being induced to 
form bone are always connective tissue cells at a receptive stage of 
development; re.sting or adult cells can be indur^d to form bone 
rarely if at all. Iloltzer has observed induction of cartilage by em- 
bryonic spinal cord in tissue culture, ewn after interposition of a 
millipore membrane; in the living animal whenever new bone is 
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produced by induction, this requires physical contact and the in- 
iluctor is transmissible only betu-een adjacent cells. 

There are many theories concerning the mechanism of induction. 
We prefer to follow Weiss, who postulates progressive recruiting of 
cells for a given type of differentiation, spreading from a focal area 
like an infectious wave; cells which liave attained a certain differ- 
entiated character can communicate their state to their neighbors, 
which then pass it on further, and so on down the line. This should 
require pliysical factors as well as chemical agents, participating 
in many sorts of combinations; there must be many degrees of spec- 
ificity and complexity, employing a great variety of mechanisms. 

CniTICAL CONDITIONS FOU 
TISSUE TR.XNSFEIW 

hlan^’ tissues, both of skeletal and of nonskeletal origin, have 
been tested for osteogenetic activity or for the ability to produce 
new bone by induction, by transfer of samples to isolateil soft parts 
of the body or to defects in bone. Tbe results arc conditioned by: 
(1) the tissue transferred; (2) whether tbe ilonor tissue comes from 
embryonic, young, or adult animals; (3) whether it comes from a 
tissue in which latent potencies have been reactivated by injury; 
(4) whether the transplant is autogenous, liomogenous, or heter- 
ogenous; (5) whether fresh or preservetl tissue is used, and tlie state 
of the tissue when transferred; and (C) the nature and state of the 
host bed. The reaction pttwiuced bj- presen-ed tissues depends upon 
the method of preservation and the period of storage; whether 
the tissue had been simply frozen, or frozen at x'cry low tenipera- 
ture.s; w'hether the tissue had been coagulated hy heating, Iwiling, 
or chetnioal solutions, or dehydrated lieforc transplantation; and 
whether the donor tissue or its cells, if liidng, proTOke an immune 
response from the host. 

In mammals, skin is one of the few' ti^ues tliat will stindve, pro- 
liferate, and produce new' cells after transplantation from one part 
of (he body to another in the same mdividual during postfetal life; , 
liomogrnfts of Iwnc will xTisculariTO, proliferate, and survive for* 
limited lime only, owing to the immune response of the host. Cor- 
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sue trcafe<J in such a ^'23' as to destroy its antigenicity and then 
preserved m bone banks, in Yihich case the other factors concerned 
in the transplantation of bone are of priraar3' importance. 

INDUCTION 

Induction has been defined, and its role in the development and 
growth of bone has been discussed in chapter iii. Esscntiallv, 
induction is the influence that one tissue 1023’ have upon another in 
close contact with it, as a result of which the second tissue is in- 
duced to exhibit activities not prcvlous!3' in evidence. An example, 
relevant to this chapter, is the formation of bone following implan- 
tation of bone from another individual. In such instances the im- 
plant docs not itself proliferate and fonn new bone, but it nia}' 
produce an effect upon the cells of the host to cause them to differ- 
entiate into osteoblasts and to organize in the form of a bone. The 
stud.s of induction is aided b3' the use of biologic S3'stem8 which are 
not complicated bs* an immune response on the part of the host. 
For this reason autogenous implants arc favorable for observation 
of induction phenomena; the anterior chamber of the 036 also 
provides a favorable environment, ewn for homogenous trans- 
plants, since interference bs’ cell-borne antibodies is reduced. 

Induction 83'stems for bone formation generall.v obe3* laws gov- 
erning cellular differentiation. The inductor is transmitted by a 
specific tissue, such as growing cartilage or urinaij’ bladder epi- 
thelium, for a specific period of lime. This ma.v reriuire a long ex- 
posure or latent period and ina3' have a relati\Tl3* short period of 
action. NormaIl3’ the inductor is producctl b3" proliferating cells, 
but it can emanate from resting, degenerating, or devitalized tissue. 
The inductor is believed to be transmissible over a short distance, 
rather than diffusible and extractable. The cells l)eing indiicetl to 
form bone are always connective tissue cells at a receptive stage of 
development; resting or adult cells can Ije imluced to form bone 
rarel3- if at all. Ilollzer has olwerved induction of cartilage l>y em- 
brj'onic spinal cord in tissue culture, e\en after interposition of a 
milllpore membrane; in the living animal whenever new Iwne is 
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produced by induction, this .requires physical contact and the in- 
ductor is transmissible only bettieeu adjacent cells. 

There arc many theories concerning the mechanism of induction. 
Wc prefer to follow tVeiss, who postulates progressive recruiting of 
cells for a given type of differentiation, spreading from a focal area 
like an infectious wave; cells which have attained a certain differ- 
entiated character can communicate their state to their neighbors, 
which then pass it on further, and so on down the line. This should 
require physical factors as well as chemical agents, participating 
in many sorts of combinations; tlicrc must be many degrees of spec- 
ificity and complexitj', employing a great variety of mechanisms. 

CnrTfC-il. CONDITIONS FOR 
TXSS0E TRANSFERS 

Many tissues, both of skeletal and of nonskclctal origin, Iiave 
been tested for ostco^nelic activity or for the ability to produce 
new bone by induction, by transfer of samples to isolated soft parts 
of the bodj’ or to defects in bone. The results are conditioned by: 
(1) the tissue transferred; (2) n bether Ibe donor tissue comes from 
embrjonic, young, or adult animals; (3) whether it comes from a 
tissue in whicii latent potencies have been reactivated by injury; 
(4) whether the transplant is autogenous, homogenous, or heter- 
ogenous; (5) whether fresh or preserved tissue is used, and the state 
of the tissue when transferred; and (6) the nature ami state of the 
host bed. The reaction produced by preserved tissues depends upon 
the method of prcsei^-ation and the period of storage; whether 
tlie tissue liad been simply frozen, or frozen at very low tempera- 
tures; whether the tissue had been coagulated by beating, boiling, 
or chemical solutions, or deliydralc<l before transplantation; and 
whether the donor tissue or its cells, if living, provoke an immune 
response from the host. 

fn inamiiiafs, skin is one of the few tmucs that « ill stfn'h'e, pro- 
liferate. and produce new cells after transplantation from one part 
of the body to another in the same individual during postfetal life; 
homografts of bone will vascularize, proUferatc, and survive for a 
limited time only, owing to the immune resjionsc of the liost. Cor- 
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nea, fascia, cartilage, and undiffercnlialcd connective tissue cells 
will survive autogenous transfer, and at times even homogenous 
transplantation; either they are oon-antigenic, or inaccessible to 
cell-borne antibodies, or they resist their effects; acceptance of 
homogenous transfers must in some cases be related to the quanti- 
tative, as well as to the qualitative immune response on the part of 
the host. Homogenous transplantation of cancer ceils, with vascu- 
larization, proliferation, and survival, is commonplace; the use of 
inbred strains of mice is chiefly rcs{K)nsibte for the success of this 
procedure. 

TRANSPIANTS OF OSTEOOENETIC TIS.SUE 

TO extoaskeletal soft parts 

Many kinds of host beds can be used to study osteogenesis under 
conditions in which there is no possibility of contact with pre- 
existing osteoblasts. Transparent chambers may be placed in the 
rabbit’s car, or under the skin of the mouse, as receptacles for 
transplants. As in the case of the anterior chamber of the e>e, the 
degree to which they will accept homogenous tissue may be related 
to their ability to c.xclude cell-bornc antibodies. A favorite site for 
transplants of bone, or of tissues to be tested for induction of bone 
fonnation, is the subcapsular space of the kidney. Autogenous 
transfers to this site may survive and lead to results similar to those 
obser\'ed in the anterior chamber of the eye; homogenous transfers, 
unless from littermates or from inbred strains, more commonly 
lead to new bone formation by induction. 

Transplants have also been made to muscle, brain, mesentery, 
testis, synovial membrane, and subcutaneous tissue; the success of 
such transplants tlepends upon the same factors as in the case of 
the subcapsular space of the kidney. The universal requirements of 
any transplant for the production of new bone are: (I) that the 
host tissues establish contact with the donor cells; (2) that the 
transplant leads to a proJi/eraJive xe^onse of new capillaries and 
undifferentiated connective tissue cells from the host bed, in ad- 
dition to such proliferations as may be prodiiceil by the transplant 
itself; and (3) that it does not lead to an immune response, on the 
part of the host, capable of deslroydng the implant; this requirc- 
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menl is best met by autogenous transplants, more rarely by homoge- 
nous implants, and virtually newr by beterogenous transfers ex- 
cept when devitalized and preserved- 

Tissues that will not produce new bone following fresh au- 
togenous transplantation are: fasda, ligaments, muscle, tendon, 
clastic cartilage of the external oar, and semilunar cartilage of the 
knee. The formation of bone follows autogenous transplants of 
periosteum; bone marrow, with or without cancellous bone; epi- 
physeal and articular eorlilage; compact bone; and fibrocartilagi- 
nous callus after an injury to the bone of the donor. 

The nature of the bone formed following an autogenous trans- 
plant differs with the tissue transferred to the new location. Peri- 
osteum from young growing animals includes an active osteoblastic 
layer and will produce new bone consistently after transfer to the 
anterior chamber of the eye. Periosteum from an adult animal will 
either produce no new bone at all or very little follow ing transplan- 
tation. The same tissue removed several days after a fracture con- 
tains proliferating osteoblasts and has osteogenctic activity. A 
transplant of osteogcnctically active periosleum to the anterior 
chamber of the eye produces a mass of compact bone, without an 
intermediate stage of cartilage and without the api)earance of bone 
marrow. Such a reaction is histotypic; il fonns only one kind of 
tissue. 

Survival and proliferation of autogenous tissues, themselves ca- 
pable of forming bone, may also be observed when bone marrow or 
cancellous bone, or a mixture of llie two, is transplanted to the an- 
terior chamber of the eye of the rat. Transplantation of the fibro- 
cartilaginous callus after a fracture leads to a similar result. In 
either case a fibrocartilaginous mass results, to be replaced by bone 
and bone marrow; such a reaction is organotj-pic, since it fonns a 
complete ossicle. Tiio anterior chamber of the eye does not dif- 
ferentiate between autogenous and homogenotrs tissues, owing to 
the freedom of the aqueous humor from liTnphocyles; transplants 
from other animals of the same species may he equally well ac- 
cepted. Implants of the outgrowth from tissue cultures from lione 
of the same .species also lead to the formation of bone in the an- 
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Fla S3 . — ZTewfopfrieirf o/ iwfic nt tie anterier eftamier of tie eje ol the rat. 
from autogenous transplants of fibrocartilaginous callus, (a) Fragment of fibro* 
cartilaginous callus encapsulated in granulation tissue after 7 ila>s in the eye. At 
this stage, there is a sharp line of demarration lietaeeii the tissues of the donor and 
of the host The surface of the transplant sKoas nictachromatic staining, hut there 
IS as jet no ingrowth of new vessels or absorption of the transplant. Xf>6. (4) 
Earliest invasion of the donor tissue after 11 days in the ej’e. The Iieginniiig new- 
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bone forniatioii ocnirmi with the first ingrowth of nei\ blood vessels and in associa- 
tion with the akwOrption of the donor cells XWl. (c) Transplant after 17 days in 
the eye; further absoqjtion of cartilage can l»c noted, as well as a thi'ii «ali of new- 
l»one fortintion on tin* siir/ncc of the rlonar tissee. Xflfl (el) K/id-produet of the 
IriinspUiit after i7 il.iys in the eye. Spongy lione lias been reconstructed into a nail 
of compact bone. The result is a pcrnianent complete o«ielc filled with actiie bone 
marrow. X7l. (From original pbotograplis of Fig 8, A, D, C, E, Uristand MeliCan, 
J, Bone & Joint Surg.,34A:4^S-55. Ifeproduced by courtesy of the publisher ) 
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terior chamber of the eye; again the reaction is organotyi)ic, and a 
complete ossicle results (Fig. 29). 

The behavior of transplants of epiphyseal cartilage is of particu- 
lar interest. This tissue consists chiefly of hyaline cartilage, and is a 
remnant of the cartilage model of embryonic bone, engaged in endo- 
chondral growth. Following autogenous or homogenous transplan- 
tation to the eye of the rat it continues to produce new bone by 
endochondral ossification; new bone arises, however, not from 
transplanted cells, hut from ingrowing cells of the host. 

Transfers of autogenous compact bone to the eye exhibit little 
ability to form new bone; usually a new lajer of bone is formed on 
the surface of the transplant, as a result of a combination of osteo- 
blastic activity on the part of the transplant together with induc- 
tion, nhich causes the connective tissue cells of the host to differ- 
entiate into osteoblasts and form new bone by apposition. Transfer 
of autogenous compact bone to any new location in the body leads 
to death of all or most of the osleocj'tcs; survival and proliferation 
of osteoblasts, together with induction, account for the success of 
such transplants. Fresh homografts in higher mammals do not 
ordinarily survive, owing to the immune response of the host; earl^’ 
death of a homograft, with consequent reduction in its antigenic 
potency, is conducive to success of the graft; formation of bone 
under these circumstances Is prima facie evidence of operation of 
the induction process, as it is also in the case of preserved and stored 
heterogenous bone. 

TRANSPLANTS TO HOST BED OF 
BONE TISST7E 

The most favorable conditions for survival of transplants of 
ostcogenetic tissue are afforded bj' a fresh autogenous graft of can- 
cellous bone, including bone marrow, to a well-prepared host bed of 
bone. Such transplants arc commonly used in clinical surgery for 
fusion of joints, internal fi.xation to produce union of fractures, and 
filling of surgical defects. These conditions offer a liigh degree of 
probability that some of the Inmsplanlcil tissue nr of its cells will 
survive, proliferate, and produce bone; to this is added the proba- 
bility that the transplant may cause the cells of the host to become 
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engaged in osteogenesis by induction, Wjile conditions responsible 
for new bone formation by induction are unknown, except that 
both pliysical and chemical factors are Involved, tissues other than 
fresli autogenous bone are considered less active and less desirable 
for reconstructis-e surgery. Experimental and clinical obser\’ations, 
however, leave no doubt that non-viable materials are effective 
irrespective of limited knowledge of how or why they accomplish 
their purpose. In Table G materials currently under investigation 
have been classified as bone implants, derivTitives, and substitutes, 
TABLE 0 

Msteriaus Used ron ExpEBiueNT/a. Bove Spiuseiit 
Thansphots 

Fresh autogenous bone 

Pfcdi isogenous bone (from identical tain) 

Embryoruc bone (for lemporarj* survival) 

Impuvkts — H omogenous or heterogenous bone 
P/elsealmfnt 
Refrigerated in plasma 
Froien (-SO’C.) 

Freeze-dried 

boiled in piiysiotogic salt solution 

AutoclavM 

Preserved in: 

Aqueous glycol 
beta-propiolactone 
Merthiolate 
Irradiated by; 

Cathode ray 
Cobalt-CO 

Derivativzs — H omogenous or heterogenous bone 
Decalcj'Scd bone 

Extracted with EDTA 
Anorganic bone 

Extracted willi ethylene diamine 
Os purum 

Extracted with potassium hydroxide 
Collapatite 

Extracted with urea, saline, and ether 

Substitutes 

Aletal 

ilethyl methacrylate 
Polyuirethane 
Calcium sulfate 
Hydroxyapatite 
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and distinguished from tranqilants, because they exhibit cither 
very little or no viability and an unknown capacity for induction. 

Recent experimental observations suggest that inert materials, 
with neither viability nor capacity for induction, can assume the 
appearance of a bone transplant. Various parts of the skeleton of 
young individuals are able to incorporate inert materials in an 
involucrum and thereby bridge large gaps and restore the conti- 
nuity of a bone. The skeleton of a non-growing or an adult individ- 
ual is not able to produce tlie same amount of periosteal new Ikiiic 
and generally requires viable autogenous bone to bridge a gap. 
When there is no gap and only internal fixation is required, im- 
plants of homogenous or heterogenous bone, derivatives of bone, 
or bone substitutes, may often be used with good results. The ex- 
tent to which implants of fresh, frozen, or lyophilized bone, or pro- 



Fig 30. — SlicroraJiograph (/dO autoradiograph {right) of a cross-srclion 
through tibia of a rabbit, w ilh homognious graft of bone inside tiie marrow cavity. 
The donor was a 6-week-old rabbit injected with 1 inc. of Sr’" 3 da>s Ufore the 
ti'aaspSsst into a iftft of the fame age. The btua was exdsed 4 weeks Liter. The 
microauloradiograph, made with stripping fiha, records the radioactivity in the 
bone of the donor while tlie bone of the host shows only low level of diffuse radio- 
activity The arrow points to contact of the bomograft with the bone of the host, 
where new bone is growing out from the endosteum. XT. (From originals of Figs. 
4A and 4C, Urist, MacDonald, and Jowsey, Ann. Surg., 147:137 and 13H. He- 
produced by courtesy of the publisfiers ) 
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served bone can produce new bone by induction or may be superior 
to bone derivatives or substitutes, is often difficult to determine. 

Radioisotope studies reveal little about induction but provide 
new information about the behavior of bone implants. Homogenous 
bone, either fre.sh or frozen, labeled with Ca", or Y*' and 

implanteti into bone defects in clean hosts, becomes joined to new 
bone produced by the host, through a cement lajer or line. The 
radioisotopes of Ca and Sr label the mineral constituents of the 
donor tissue ; they are also in solution in the tissue fluids of the host, 
but are not able to diffuse across the cement line. Correlated histo- 
logic sections, microradiograms and radiochemical analyses of the 
wliole skeleton reveal that the donor tissue is reabsorbed in some 
places and coi’ered with new bone in others; a large part of the 
radioisotope is e.-orreted and a small part is redeposited systcmically 
throughout the entire skeleton. There is no local transfer of bone 
mineral from the donor to the new bone of the host. The donor 
tissue accomplishes its purpose to enable the host to fill a defect, 
fuse a joint, or unite a fracture, when only a small fraction of its 
surface area has been resorbed. Whether the donor tissue is a trans- 
plant of fresh autogenous bone or an implant of homogenous or 
heterogenous frozen bone, by all known criteria it consists largely 
of dead tissue with empty lacunae. There is a definite afiinity of the 
new bone of the host for interstices of an implant, whether it be 
transplanted dead or living bone, or a bone derivative or a sub- 
stitute, 

3. Extraskeletal Bone 

When osteogenesis occurs in a part of Uic body where bone for- 
mation, in a particular species, docs not normally occur, it is termed 
ccfopic or heterotopic bone formation. Ectopic bone formation is an 
abnormality and is to be distingiiislied from exfraskelefal hone in 
various locations in many animals, examples of vhicli are teg ten- 
dons and fascia in llie turkey, the laiyngeal cartilages of man, and 
the penis of almost all mammals c.vcept the higher primates. 

The nuinlwr of organs and the many different kinds of patho- 
logic lesions in which ectopic bone formation has been ilescribed 
seem not so important as that connective tissue elements, ratlicr 
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than the specialized tissues, p\-e rise to the osteoblasts associated 
with the apjjearance of bone. Nearly all the organs and tissues in 
the body, e.g., eye, brain, tongue, lung, heart, blood vessels, breast, 
testes, and anterior abdominal wall, are capable of harboring bone. 
Ectopic bone formation is wry well known in connection with 
wound healing, infectious processes, degenerative diseases, and 
aging. 

ECTOPIC OSSIFICATION IN WCSCLE 

Ossification of muscle arises from disease or following injury. 
Myositis ossificans traumatica is a localized form developing rapidly 
in the deep muscles of the thigh or arm within a period of three 
weeks after a contusion and subsiding within six months. Myositis 
ossificans progressiva is a rare congenital or familial disorder, some- 
times associated with microdactyly, continuing throughout the 
life of the Individual, generally involving the muscles of the neck, 
back and hips. It is associated with inflammation, loss of striations 
of muscle cells, atrophy or reduction in the amount of cytoplasm, 
and proliferation of sarcolemmal sheath cells; later, after mitotic 
division, spindle-shaped connective tissue cells between the muscle 
fibers differentiate into new bone or cartilage or both. After six 
months, in nearly all cases, the bone deposit fuses with the cortex 
of the nearest bone. The new bone matures or becomes compact 
bone, and persists for years as an exostosis. Surgical e.xclsion fre- 
quently is followed by recurrence and Involvement of a large seg- 
ment of the muscle. The local conditions generating myositis os- 
sificans are unknown. 

Calcification of necrotic soft parts and muscle fibers closely 
adjacent to areas of osteogenesis has been regarded as evidence that 
calcification is a precursor of ossification. It is now clear, however, 
that ossification and calcification can be entirely separate and that 
calcium salts are not required for the initiation of osteogenesis, al- 
though calcified necrotic tissues are frequently areas in which ec- 
topic ossification may ensue. Osteogenesis occurs in the healing of 
a mechanical injury ora pathologic lesion, but it always begins from 
newly proliferated connective tissue. Ectopic ossification is there- 
fore not to be regarded as metaplasia of connective tissue elements 
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previously in existence iu tlie lesion; not as a simple sequel to dep- 
osition of calcium salts in dead tissue; but as a reaction of peri- 
vascular connective tissue cells, growing into injured tissue from 
surrounding areas. 


EXPERIMEXTAL OSSIFICATION IN MUSCLE 

Chemical injury to muscle tissue by injections of 40 per cent 
alcohol or acid alcohol in rabbits leads to the fonnation of fibrous 
scar, amorphous deposits of calcium salts, and in some instances, 
new cartilage or Ixme or l)olh. Injections of 2.0 per cent calcium 
chloride produce calcification in bundles of collagen filers, amor- 
phous <leposits of calcium salts, and calcified plaques of hyaline 
between the adventitia and the lamina elastica externa of the arter- 
ies outside the area of the damaged muscle. Some of these blood 
vessels exhibit lamellar bone formation associated with erosion of 
the calcium depo.sits. In tlicocnlerof the lesion svlierc there is lique- 
faction, caseation, necrosis, or disintegration of the structure of the 
tissue, the conditions are not fas'orable for bone formation. Osteo- 
genesis appears where muscle cells atrophy, sareolemmal sheath 
cells proliferate, and young fibrous connective tissue cells differen- 
tiate into chondroblasls and osteoblasts and form islands of new 
cartilage and bone. 

Saline, alcoholic, and calcium chloride extracts of l)onc produce 
results not much different from those obtained with the extracting 
solution alone. When bone formation occurs the results may be 
attributed to physicochemical factors arising in situ rather than to 
an exogenous osteogenetic substance. It is common to find amor- 
phous deposits of calcium salt, patches of hyalinizcd scar, and bizarre 
cells resembling preosseous, precarlifaginous, or osteoid tissue. 
Unabsorbed injured muscle tissue, howewr, has the aipacity to 
produce new bone formation by induction; Bridges and Pritchard 
uere able to produce formation of cartilage, which eventually was 
replaced by bone, by imphintation of small pieces of alcoliol-devi- 
talized smooth, cardiac, or skeletal muscle beneath the capsule of 
the kidne 3 ' in rabbits. This is inteiprcletl as induction of cartilage 
formation by the implant of dead muscle; it suggests that new bone 


197 



Postfefal Osteogenesis 


formation by autoinduction occurs when muscle is devitalized by 
injections of alcohol, with or without substances extracted from 
bone. 

OSSIFICATION OF TENDON 

Bone formation normalli' occurs in the substance of modified 
tendinous tissue at the point of bony insertions. Tendons also ossify 
following injury but such deposits are generally small and not as 
extensive as those developing spontaneously in birds. The process 
has recently been described in detail in the turkey. In these birds, 
during the first fifteen to Isventy weeks of life, a new matrix, rich 
in acid mucopolysaccharide, accumulates between the collagen 
bundles of the tendons; the original tendon collagen bundles under- 
go changes in their chemical constitution; and osteons, similar to 
those in skeletal bone, appear as the result of formation of absorp- 
tion cavities, Mhich are then filled in with concentric lamellae of 
bone. All three of these tissues mineralize, and persist, with the re- 
sult that the tendon eventually' consists of mineralized collagen 
bundles, interspersed with calcified haverslan bone. 

ECTOPIC PERIARTICULAR OSSIFICATION 

Patients with anterior poliomyelitis and other paralytic condi- 
tions frequently develop multiple foci of ectopic bone. This is usu- 
ally preceded by extensive atrophy of bone, mobilization of large 
amounts of bone salt, excessive excretion of calcium and phosphorus 
in the urine, and formation of kidney stones. There is thus a se- 
quence of events which seems to relate cctoi>ic bone formation to 
the atrophy of disuse of skeletal bone; this sequence is not neces- 
.sanly associated with any change in the lei"els of serum calcium, 
phosphorus, or phosphatase. The localization of formation of bone 
is determined by degeneration of muscles, tendons, and the soft- 
tissue elements of the joints; the result is a periarticular distrihii- 
tion of the deposits of new bone. 

OSSIFICATION IN XmlNART TRACT 

In circumstances created by disease and from conditions follow- 
ing surgical operations, the urinary tract has a tendency to ectopic 
bone formation greater than that of any other tissue; this .seems to 
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1h* n-hiU’d to tlic tnnnsitioiiiil epUlirliiiii) of the o'llyces and pelvis 
of the kidney, of the ureter, an*l of the mucosa of the uriiiar?’ bliitj- 
der. Ossificjition occurs in the kidney of man within a fibrous cap- 
sule fonneii around old renal calculi. DepostU of Iwne can often Ijc 
found after surgical Incisions in the i»clv'is of the kidney or in the 
ureters. Bone has Ixjcn produre<l cxpcrimenlally by ligation of the 
renal artery in rabbits. It l)cgins incie{tcit(Ictitly of any calcification 
and develops in the loose %'flSCTlhirco«nectit'e llssiic under the cpl- 
Ibeliinn of the calycc.s. 

\Vhen urinary bladder is transphuitcil to the fascia of the aJite- 
riur ulxlominal wall the transitional cpillioiitnn proliferates and 
spreads in all directions In form n Huid-filled c>’st. The roof of tlic 
cyst consists of the original implant and npix-ars inert: tlic walls 
consist of sprc'ading epithelium and induce formation of hmellar 
ixine all along the line of contact with the host lx*<!. Tins is to la> 
regarded as an exninplo of induelion in which the lx>ne nri.s<.‘s from 
gmwing nuuu'clivc tissue cells of the host uiuler tlic iiifluenct* of 
the proUferaling wlls <lorive<l fitim urinary bladder. The nature of 
the imluctor that is tninsnuHeil from one cell to another is un- 
known. It appears, however, that this induction sy.slcm for lioiie 
is highly specific and depctulcnt upon a factor (mnsinittcd from 
dividing wlls of transitional epilhclmm. Tnuisplants of cohnnnar 
epithclimn from other viscera proHfcnile ninl produce fluid-filled 
cysts hut not new* Ixuic. The yiehl of new bcjnc Is high in the dog 
and cal, low in the g\iinca pig. and almost nil in the rat. The spleen 
is unfavorable as u host Iwd for osteogenesis for autogenous as well 
as homogenous transplants of uriiiarj' bladder. The fascia of the 
anterior abdominal wall and the csipsule of the kidney are relatiwly 
favorable sites. Wth hoinografts of urinar;?’ bladder in dogs a re- 
ticu!ocytc-l;.Tiiphocyte-plasraa-ccU response surrounds the sjjread- 
ing epithelium but never the new Iwne; Ibis indicates that the bone 
cells are ilcrived entirely from Ihe body of the host. 
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Healing of Fractures 


Mammals have inherited from lower vertebrates an extraordi- 
nary capacity to repair injury and replace missing parts of the 
skeleton. The proliferative reaction is equally vigorous in experi- 
mental and clinical healing of fractures. A bone is not simply 
I)atched togetlier by scar tissue, as in the healing of most other 
organs. Bone repair is ordinarily so complete that it is impossible 
to find the area of a fracture or of a large defect one year after in- 
jury. New-bone formation is an automatic reaction to any form of 
injury to bone tissue. The injury and the reaction are so much a 
part of each other that the damaged tissue seems to introduce 
local factors which produce osteogenesis. The site of an otherwise 
unrecognirable bone injury can be located by the appearance 
of new-bone formation. The important unsolved problem of the 
physiology of fracture repair is the nature of the stimulus released 
by injury, and incitative to differentiation of connective tissue 
cells into bone cells. 

The injured bone tissue immediately shows ioflammalion, then 
revascularization, and, finally, substitution by new bone that grows 
into it from adjacent endosteum and periosteum. In membrane 
bones the process is proliferation and direct extension of new bone 
from old bone. In long bones this involves prellminarj' formation 
of a model of fibrous connective tissue and cartilage through which 
osteogenesis is drawn into and across the fracture gap from each 
side. The fibrous connective tissue, cartilage, and bone are organ- 
ized in the form of a complex structure termed callus. The inter- 
action of cells and tissue resulting in healing of a fracture is an ex- 
ample of organization of diverse means to a common end. 
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XECROSJS or BOXE 

In a large bone of adull man, with a closed non-conimimited 
fracture, at least 0.5 cm. of the shaft is damaged above and below 
the fracture line. If the fracture is comminuted and displaced, 
small and large bits of dead bone are found doating in the fibrinous 
clot. The necrotic bone is distinguished by pyknotic nuclei, aulo- 
lyzing osteocytes, and empty lacunae. Increasing acidophilia dis- 
tinguishes the devitalized matrix of bone from the undamaged tis- 
sue at the site of a fracture. 

ORCANIZINO HEMATOMA 

As in wound healing in every other part of the body, fracture 
healing begins with the clotting of exlravasated blood. The hemor- 
rhages floM’ into the fracture gap and flood the soft parts, the bone 
marrow, periosteum, endosteum, and hawrsian canals. The organi- 
zation of the blood clot begins within twenty-four hours on all sur- 
faces, and fibrin is replaced by granulation tissue, in part of hema- 
togenic origin, within a few days. Stinchfield and his associates ol>- 
sen'ed that anticoagulants administered to rabbits at the time of a 
fracture caused delayed union. Both heparin and dicumarol have 
the same effect and prevent the formation of the fibrin clot between 
the bone ends. Adverse influences upon induction, cellular prolifer- 
ation, and cbondroitin sulfate synthesis are also possible, but the 
most important information that is gained from such e.xperiments 
is that a trellis of fibrin is a mechanical necessity for ingrowth of 
cells capable of differentiating into fibrocarlilnginous callus. It h 
by this means that a preliminaiy stniclurc can form to bridge the 
gap whenever there is displarrmenl of a fracture. 

FIDnOC.SnTJLAnJNOU8 CALL.U3 

The torn ends of periosteum, endosteum, and bone marrow 
adjoining the fracture line supply cclb of histogenic origin; these 
prolifemte and differentiate into fibrous connective tissue, fibro- 
cartilage, and hyaline cartilage. This growth of new tissue is con- 
tributed to also by colls of hematogenic origin — monocytes and 
I>ossibly IjTnpliocytcs — that have responded to the stimulus of the 
infiamm.Tlion and have {Kirticipated in the organiailion of the 

!201 



Healing of Fractures 


hematoma. At this stage, e«ept for the predominance of cartilage, 
the healing closely resembles that of the repair of any tissue follow- 
ing an injury. 

The appearance of cartilage in the callus is most prominent in 
fractures of long bones with displacement or large defects; here, 
the cartilage is a temporal^' filling material for later replacement 
and bridging of the defect by new bone. Small drill holes and thin 
saw cuts produce relatively little cartilage and are repaired chiefly 
by growth of connective tissue cells and osteoblasts from one sur- 
face to another. Although fibrocartilaginous callus is an inseparable 
part of the healing of fractures of long bones, it is verj’ thin, more 
fibrous, and less cartilaginous when the bone ends are compressed 
together between transfi-vation pins and turnbuckle clamps. 

AVhen the defect is large, a model of connective tissue and fibro- 
cartilage is forme/I, similar to the cartilage model of embrj’onic 
osteogenesis. The conditions giving rise to cartilage, instead of 
bone, in the fracture callus are not known. Age, regional factors, 
and species differences, however, influence the capacity of the in- 
dividual to produce cartilage. Growing animals produce more car- 
tilage than adults; they frequently form Islands of cartilage con- 
currently with formation of trabeculae of new bone. Long bones 
formed as cartilage models in fetal life invariably produce cartilage 
in a fracture callus. Flat bones formed by intramembranous ossifi- 
cation heal w ithout the appearance of cartilage; surgical defects in 
the calvarium heal along the edges of the bone but osteogenesis in 
this area of the skeleton in adult life is indolent and fails to produce 
complete filling. 

Hats and rabbits have a greater capacity to form cartilage than 
do guinea pigs, dogs, and man; motion and function cause an in- 
crease m the amount of cartilage. I/)W oxygen tension and low 
blood supply in the fracture gap are said to promote efaondrogene- 
sis; the evidence is scanty. 

The significance of cartilage in fracture callus merits further 
study. While chondrogenesis in mammals is relegated to an acces- 
sory or nonessential part of bone repair, it plays a dominant role In 
lower animals. In reptiles, if the metabolic processes are slowed by 


202 



Oileogenah 


low body temi)craliires, csirlilage transfonn^ dirrcljy Into bone. 
Sinular plipnonieiia can be seen in chondro-oMcoid in rachitic mam- 
mals and in various pathologic lesions in man. Ijioroiv believes that 
cartilage acts as an organirer and that it not only elabomtcs the 
skeletal tissues but also arranges them in their normal order. 

OSTEOC5ENESIS 

Ncw-l)one fonimtion logins in yming iiulividuals on the inner 
and outer surfaces of the damaged bone as early as 48 hours after 
ifijur}’. It arises from fjeriosteuiii and endosteum, at some distance 
from the fracture line, and grows towani the fracture gap, envelop- 
ing and replacing the fibrocartilaginous cjiUus. This bone originates 
from cells with inherited osleogcnetio potency; as it advances into 
the fibrocartilaginous caKus, pcrK'ascular connective tissue cells 
are dru«n into osteogenesis and are transformed into osteoblasts 
(Fig. 4, ehup. iii). 

llonc docs not form at random within the fibrocartilaginous cal- 
lus but grows by extension of |>criosteal and cmlosteal new Ixme. 
The tendency has been to roganl the fibrous eonnoclive tissue nml 
cartilage of llie callus only as a mmlel or scaffokl for osteogenesis, 
to Ik invaded ami rcjilaceil by bone. As in the case of embryonic 
cartilage models of lionc, however, it >s reasonable to reganl the 
eartilugc as playing an active, rather than a passive, role In ostoo- 
genesis and to assume that tlie cartilage exerts its influence through 
the mechanism of induction. Tliis concept is strengthened by the 
obscivation tlial when autogenous, homogenous, and even devi- 
talized transplants of fibrocarliinginoiis callus are made to the an- 
terior chamlicr of the ral’.seye, they lend to production of new Imne. 

In both tlie cmliryonic cartilage mo<tcI and the fibrocartilaginous 
<nllus, connective tissue cells that otherwise would not have ex- 
hihiled osleogciielic |)olencies are induced to do so by the jiroximily 
of l>one or of cartilage. The formation of new bone may thus n- 
quire the jmrlicipation 1 k>11i of cells predisposed to exhibit osteo- 
genclic activity and of others that do so less renilily, fiut enter into 
the procevs under the in/luencx? of iiulutilon. The end n'sult is re- 
phurmenl of the fihroairlilaginous «dhis by J>one, l»ony union of 
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the fracture fragments, and reorganization of the callus with re- 
mo^-al of excess bone. 

^Tien a polyethylene tube is implanted across a gap in the shaft 
of the fibula of a .voung animal, the plastic prevents sealing of the 
bone ends. The events of repair are separated in time and space as 
the cells migrate into the tube. Osteogenesis is prepared for and 
initiated during a preliminary stage of migration and mitotic 
division of reticular cells. Cartilage, and to some extent bone, de- 
velop in a fluid- and fibrin-filled space. The conditions for suirival 
of the cells in this environment are limited and temporarj’. Resorp- 
tion of calcified cartilage or bone, however, provides the conditions 
for continuation of osteogenesis; resorption can occur with or with- 
out the action of osteoclasts. The sequence of events within the 
walls of the polyethylene lube is: (I) outgrowth of capillaries and 
mitotic division of reticular or endosteal cells; (2) differentiation of 
chondroblasts and osteoblasts; and (3) alternating phases of re- 
sorption and reconstruction of bone. Guided by the plastic tube, 
osteogenesis occurs across a gap that could otherwise not become 
bridged bj new bone. 

ROLE OF FERrOSTEClf 

The external callus of the healing fracture de^•elops from perios- 
teum. In adults this membrane is morphologically indistinguishable 
from ordinaiy dense connective tissue. In young growing individ- 
uals and in adults after a fracture, the periosteum consists of an 
inner layer of proliferating osteoblasts and an outer laj er of fibrous 
connective tissue, including fibroblasts. The osteoblastic la^er is 
activateil by the injuiy to the underljdng bone, and it deposits new 
bone until the outer layer is separated from the cortex by a spindle- 
shaped mass, enveloping the ends of the lione and forming the 
external bony callus. 

The contribution of the periosteum to the repair of bone is of ma- 
}OT importance- An intact periosteal lube is capable of regenerating 
a large segment of a rib or tbe entire diapLysis of a long bone. In 
very joung individuals this regeneration is complete. In adults, 
with less active periosteum, the end result is imperfect and inade- 
quate. 
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These obsen'atlons indicate that the ostcogenetic potency of the 
periosleiim is derived from and is somewhat dependent upon a close 
and continuous association with bone. If the periosteum is excised, 
the body can replace it with a new connective tissue membrane. 
This applies itself closely to the sliaft and can function as well as 
the original periosteum in producing an external callus for repair of 
a fracture. Parts of the skeleton, such as the proximal portion of 
the neck of the femur, the patella, and other locations from which 
the periosteum disappears after growth is complete, must depend 
entirely upon endosteal bone formation for repair. 

The extremes can be seen in the healing of fractures when the 
marrow cavity is obliterated by a steel rod for intramediillarj* fixa- 
tion and the repair of bone occurs almost entirely by periosteal 
activity. The regeneration of bone is rapid and efficient where the 
periosteum is well developed and can re-form when damaged. The 
repair of bone is slow where the periosteum is vestigial, inactive, 
absent, or not regenerated. 

SPECIES DIFTEREXCES 

The organization of fracture healing is the same in all verte- 
brates. Some differences in the repair described in mammals can 
be seen in birds, reptiles, and amphibia. Bone repair has been little 
studied in fishes. Bemo\-aI of fibrocartilaginous callus is extremely 
slow in cold-blooded animals; some of the cartilage that is uneroded 
by blood vessels appears to transform directly into bone. Pritchard 
and Ruzicka described removal of cartilage by chondroclasts in the 
lizard. There was virtually no calcification of fibrocartilaginous 
callus, and alkaline pliospliatase activity of the tissue was always 
extremely low in the frog. The chief source of nc%y bone, however, 
in all species is periosteum and endosteum. 

BLOOD SOPPLT 

The vascular netw ork of the cafftrs is an entirely' new grow th of 
small arteries, capillaries, and wins, arising as brandies of blood 
vessels of surrounding muscles, jieriosteum, and Ixine marrow. As 
is the case in the granulation tissue of any healing wound, the new 
blood vessels, including the smooth muscle of the arteriolar walls, 
originate, at least in part, from differentiation of perivascailar con- 
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nective tissue cells. Tlie inagnitiide aiul complexity of llir sv.slem 
correspond to the size of the callus. In sjx-cimens injeclcjl xxilh dyes 
or radio<opaque solutions it may be dcinonstnited timl calliH is 
abundant and healing is rapid in areas with large collatend circula- 
tion, such as the metaphysos of the long Iwncs. It is .slow in nrea«. 
such as the head of the femur, wlierc the blood supjily is limited to 
terminal arteries. 

The circulation in the niidshafls of long Ixmcs Is rctlncvd in adult 
life to a x'olumo barely aderpialc for «)mp.ict Ixirie and ttisu/Rcicnt 
for rapid regeneration of large areas of damaged Ixinc. Sincx* cjillus 
is new groxvth with a new system of \-essels. llic vascular bed de- 
velops in proportion to (he prolifcratixe rcsjionse of the Itonc tissue 
and is usually adequate to accomplish the healing of a fracture. 
After the fracture is united, there is regression of conneetise tissne, 
absorption of excess cartilage an«l lionc, and disappcanincr of the 
entire vascular system of the callus. This is a chiirnetcristlc of the 
healing of fractures that <Ustinguislies callus from neoplasms of Ikiiic 
and from such conditions ns myositis ossificans. 

UMTl.VO OF FllAtTL’IlB 

The bridging of a fracture by now bone, as si'cn in a siigitlnl mx"- 
tion, occurs according to a plan rcM'inhling that of n fixeil-areh 
bridge. The principle is that of caiililcwring out and is frc*|Ucntly 
seen in contemporary architecture. The new Ikuic grows mil ii|K)ii 
the surface of the model ami cm clops the fibiTKarlilaginous mlliis. 
to form an arch of new Imnc over the fracture gap. Like rihs and 
spandrels let down from the arch of n brulge to suspend the ih-ck. 
the new bone grows through nn«l replaces the cartilage centrijx-lally 
toward the fracture gap. Finally, the deck is laid dow n lielwccn the 
fracture ends and prox'ides for |)cnniinent union. 1 he healing frac- 
fare diflcrs [com a fiKed-’ittvh hrttige, in Unit nJien the /raclwn* is 
healed the sufierstructure disappears. Jcax'hig only the Ixmc n-- 
quired for union of the fracture ends (Figs. 31, 32, iW). 

The shape of the callus and the x-nhi le of tbsm* retjuin-d In 
bridge a fracture dciKnd uimn flio amount of l»one d.imag«- uiul di- 
placcinent. The healing time is directly projiortional to the total 
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\oliinie of damaged Iwnc and the bt^dth of tlie fracture defect. In 
impacted fractures a microscopic plate of fibrocartilagc is formed at 
the line of the injury and is replaced by new Iwne within a few 
necks. In displaced fractures the defect becomes filled with a great 
mass of fibrocartilaginous callus and fibrous tissue, requiring 
months or years to be replaced by new bone. 

The healing time of each bone in the body is prcilctennined and 
related to regional conditions. Accurate estimates are available for 
fractures in the skeletons of the rat and of man. The bones of the 
upper CNlrcmity, in general, heal more rapidly than those of the 
lower extremity. In man, in fractures with the bone ends in contact, 
humenis and forearm bones unite in three months. The femur and 
tihw usually require siv months. In rats the s.'ime fractures heal in 
four and eight weeks. Spiral fractures heal more rapidly than trans- 
verse fractures. Separation of the fragments, even when slight, will 
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greatly increase the licaling lime in fracltires lliroiigli dense ewin- 
paet bone in adults, \oung individuals produce more callus and 
heal fractures faster. Double fractures of the inidshafl require .se- 
quences of healing following the direction of flow of the nutrient 
arteries. In the femur the distal fracture line unites first and the 
proximal later. In the tibia the proximal fracture line unite.s first 
and the distal later; it may even fail to unite if tlic {)eriod of im- 
mobilization is insufficient. 

SYSTEMIC FACTOILS 

The local and the systemic factors in bone repair are inlenle- 
pendent. The miniimini subsistence level of nutritional factors es- 
sential for life is apparently all that is required to heal a fnieture. 
The callus appears to hold the highest priority on all tissue-huild- 
ing materials m transport. MuItipJc fractures in rats heal uilJioiit 
delay. The animal loses a large part of its hotly weight, owing to 
loss of muscle tissue. Metabolic balance studies with nitrogen, 



Fia Si.— Roentgenogroni of » trsdaw of ttw frtnur sflrr aS day* pf lifaling, 
sliovt ing a spindle of l«5ny callus inclosing Ihr fracture sile Imt not yet j-.mmg the 
cortical emU. « hidi arc still viKiratnl by hlrtocartibginoui callus (JC). A/«nndicali-. 

sr>„ng,osa.<'om,.. compact |„nc.an.Utf..ni«IatMf™pnent of dead cortijol 

(From Fig ^5, Uost and Jolmwn, J. Rone 4. Joinl Siirg.. 25:Si. Repnaliiml b. 
courtesy of the publisher.) 
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phosphorus, polasshnn, am! sulfur imlicnt^ that muscle tissue ca- 
tabolism supplies all the materials needed for buildin;» lx>ne matrix. 
The body elects In calalwlize muscle to meet the e.xigency of the 
moment when there is nee<l for rapid construction of new bone. 

CLiLCinf.STIOV OF CAI.LUS 

The growing callus is ca!cifie<l in the same way as are cartilage 
and Iwne in other parts of the skeleton. Calcification occurs only 
in a specially prep-nred matrix. Xew l»ono ordinarih' aricifics in the 
callus as soon as it is formed, provided that sufiicicnl coneenlra- 
tionsof c.alcium and phosphate ions ate present in the blood plasma. 
In healing fractures in rickets, calcification and ossificsilion ran be 
entirely separate phenomena. In rickets, in the early stages of frac- 


Tio. 33.—.\rtisl*« rc<^T»trn<1Ion of the fracturr site, itraiMi from n c-tay rtioilol of 
I)>e mnlgcnogram in yig Si. IJwJologic iMtioH* of \anout p.irt» of liie I'alliw 
«erc iilacetl on Ihc oppropriatr plane of the wclione^l lurfafr'^ amt irprotlutTrl aa 
magnified. Tlie cartil.ige, fliirocarlilagr, and dense fibrous tissue of the fibro- 
cartilaginous callus are seen as a homo g eneous, glisteiung, ntiile scar betacen and 
aliout the fracture ends. (From Hg. 27, Urist and Johnson, J. Pone &. Joint Surg , 
3S;3J. Reproduced by enurtay ci Jhe |>uUuber.) 
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Healing of Fractures 


ture healing, the new hone is laid down as osteoid tissue williout 
any calcium salts. The hbrocartUaginous callus also fails to calcifv 
and leads to the fonnation of chondro^>steoid ratlier tlian l)one. 
The sequence is the same as in the rachitic metaphysis, and it re- 
sults in a disorganized mass of callus and a mcasurahlc deky in 
union of the fracture. 

Xen-bone formation advances into the callus along a hrcwid 
front from each side and replaces fibrous connective tissue, fihro- 
cartilage, or hyaline cartilage afihc as it moves acros.s the fracture 
gap. ^Mierever a calcifiable tissue is encountered, calcium is de- 
posited at the line of contact nitli the ostcogcnetic tissue or l»one. 
In the early stages of healing, particularly in young intlividimls, 
the rate of calcification may lag behind the rate of nen-lwiie for- 
mation. The bone trabeculae formed umler these conilitions have 
thin osteoid borders. Such small areas of uncalcified cartikgc ami 
bone in the callus are encountered in patients on stanilanl or aver- 
age hospital diets and do not indicate richcls. The levels of serum 
calcium, inorganic phosphorus, and alkaline phocpimlasc arc not 
appreciably altered iluring fracture healing. 

X-ray diffraction patterns of the mineral i» rallus arc typioiJ 
of hydroxj-apatile. The orientation of the ciystaU as oliscrvcd by 
X-ray diffraction and by polarization microscopy is in the longftxcs 
of the collagen fibers. Densllomclric ineasurvmenls re\-ca! a rela- 
tively slight increase in deposition of bone mineral after the initial 
calcification is complete. The content of organic material, as o!k 
ser\-ed by microinterferometiy upon decalcified .sections of bone, 
is the same in partially mineralired and fully mineralized Ixuie. 

TRACEK RTCDIE.S OF FIUCTURES 

Radioisotopes of calcium, .strontium, phosphorus, and sulfur 
are aviilly removed from the circulation by grow ing rallus. ri»lakc 
of S“ occurs nith synthesis of cliondroitin sulfate and other imi- 
copolysaccharides in the matrix of fibrocartilage ami hyaline car- 
tilage, four to twenty-one days after the injuiy. Ca** or Sr” is ile- 
posiled in the calcifj ing new bone matrix, and in the zone of pro- 
visional calcification livTinf' endochondral ossification at from four 
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lo one hmulrcd an<l hM*nly ilays of healing. The areas of upUike of 
I”- corrcsixind closely lo (hose of Ca"; U is <lci)ositc<l in a more 
conceiilralcci fonii as hycfn^jniialite limn as organic phosphorus. 
Jlccause of the relatively loir concentration of su]fatc<l inueofKiIy- 
.siiccharidcs in bone lissuc, less S“ can be found in bone niatriv 
than in cartilage matrix; the S** content of the callus is accordingly 
markedly reduced in the course of the replacement of the fibro- 
cartilaginous callus by lx>nc. 

The time relationships and sequence of event.s in Iwne repair may 
be obscr\-ed by administration of tracer dojscs of Ca^*. Preliminarj' 
mpair, vi'ith callus fonnatton and calcification, occurs nithm a few 
necks after trauma, while resorption, reconstruction, bikI re<listri- 
bulion of the Ixmc tissue continue for months and someliines years. 
For the most part, however, increase in mineral tlcnsily, hardness, 
and wcighl-liearing aipacUy, des*elop together. In this respect the 
Imnc tissue forming in the callus is similar lo that in the skeleton 
as u whole. 

MIN'ERAUS, VITAStJSS, AND JIORMOXES 

The search for u substance which might stimulate healing of frac- 
tures has motivated study of the effects of minerals, vitamins, and 
hormones ujKm callus formation. Thus far nothing specific has liecn 
found either to suppress or to stimulate Ijone repair. The situation 
is much the same as with the present state of knowlc<lgc of the 
physiolog}' of wound healing in general. Certain phases of the for- 
mation of fibrous ctmnective tissue arc affected hy systemic factors, 
such as vitamin C or cortisone. Hy subjecting experimental animals 
to deprivation of vitamin C or ownlosage of cortisone, it is pos- 
.sible to produce a poor quality of callus but eventually the fracture 
w ill heal. 

DEL.STED on NXIN-USION OF KRACTURKS 

A large part of the literature on lione regeneraUun has been 
written by jiby.sicians who ]in))cfl to find an answer to the problem 
of slow-healing fraelurc-. in man. Tlie empliiisis of te.xlliook dogma 
on the subject has Ixren ujinn mcchanicnl cau«a.*s an<{ mechanical 
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Fibrinoid 


treatment. Obse^^■ations on callus formation, using bislochemicnl 
techniques, suggest that non-union is not the absence of healing 
per se but the failure to set up au induction system for new-bone 
formation in the area between the bone ends. The adult human 
tibia, the bone which offers one of the great challenges to fracture 
treatment, provides the material most suitable for study of slow- 
healing fractures. 

\Mien bone repair is obser\'e<l in a conseailive series of control 
cases compared illi matched cases of ununited fractures, the heal- 
ing time is always proportiooal to the total length of the damaged 
area of bone and the breadth of the fracture gap. The adult human 
tibia produces about 1.0 cm. of bone per year — 0.5 cm. from each 
bone end. After eighteen months the rale of proliferation subsides 
to the normal slow rale of turnover of tibial bone tissue. If the area 
of bone damage and fracture gap exceeds 1 .0 cm. and if the fracture 
does not unite within eighteen months, the interior of the callus 
may develop an amorphous center, with fibrinoid and hyaline de- 
generation of connective tissue (Fig. 34). 

FlCniNOID 

Fibrinoid forms in the interior of the callus if the fracture is ex- 
tensive, complicated by infection, or difficult to unmobtUze. The 
occurrence Is similar to that in chronicadvcntitious bursitis, except 
that the lesion des'clops in the space between the bone ends rather 
than in the subcutaneous region over a bony prominence. The for- 
mation and composition of fibrinoid indicate th.it it is a by-product 
of trauma and repair. 

ilorphologically, fibrinoid is a mass of collagen and ground sub- 
stance, in all stages of ifegradation. It is like fibrin, as its name im- 
plies, but it is not fibrin. It is acellular, homogeneous, btghlj' re- 
fractile, and acidophilic. It has the staining reactions of mucopoly- 
saccharides; i.e., it stains melachromatically with loluicllne blue, 
pink with I*AS reagents, and a mixture of orange, brown, yellow, 
and blue with phosphotungstic acid and heinato.YTlin. X-ray dif- 
fraction and the electron microscope rei'eal disorienter! collagen 
fibers in the earl^’ stages and only amorphous material remaining 
in the hitcr stages of fibrinoid degencmlion. 
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After any mechanical disturfiancc of the fracture site, if it c«)ti. 
tains fibrinoid, the ainor|jhous materia! may split ajKirl and pni- 
duce a cavity filled w ilh inucinoiis fluid, in the center of the callus. 
Fibrinoid imbilies s\ater, and the intenial prewure created by os- 
mosis may be sufficient to break metallic appliances usc<l for in- 
ternal fixation and to refracture netrolic Iione. If motion and fric- 
tion are not controlled, fibrinoul degeneration continues indefinite- 
ly, and a permanent pseudarthrosismay develop. All the new Imne 
formed in the area then l)ecomrs converted into comjwcl Ixine 
inside and around the cortical ends, but not across the fracture 
site, and this forms articulating fal\e-joint surfaers. 

Immobilization acts as a deterrent to the formation of filirinoiM 
and permit s refilling of the defect xiUh new fihrocarlilaginoiis callus. 
By this means the <Iegradation can W revervd up to eighteen 
months after injurj', and lione repair ran progrcM simply hy pro- 
longed immobilization, .\fter eighteen monllis, excision of the fnic- 
turc site and close coaptation of the lyuic ends is more likely to 
produce union. 

Injury to blood supply has been repinled by many writers of 
many years past as the nialn cau«c of faihire of l>one rvfiair. Tliis 
generally oocura in a<lult life In p-arlsof the skeleton when* tlien* 
is inadequate collateral circulation, dense avascular esirnj«iel Iwine, 
arteriosclerosis, or excessive .splintering of cortex «hie to oslesw 
porosis. 

\ Iwiie graft of any kind pnxhuTs a new pndifenilive n'six'tw 
from the bone ends and nen-lione fommlion by induction ncniss 
the fractiin* gap. Ifotiiogenous nml autogenous l»one npiiear to lx- 
e<iually effective in most cases. Inlay, onlay, and inlrumciltill.’trx* 
grafts are all capalile of prosJucing union in the majority of (ii>s*s. 
The success of the operation slejiends upon the pmllferntive re- 
siKinse of the bone emU rather than upon the technirjue or tlie tna- 
terM? cinployeti. TIww olwrx-alions sjrggesl the niechunicnl 
treatment of fractures can l»e o\ercmphasi/e<l and tliat early oi>rn 
operations ami metallic internal fixatioii should lx- used only ni un- 
usual circumstances. More rrliance should lie plaeeil ujioti the 
primoixlial yiower of the human skeleton to regenemle injim*<l anti 
missing substance. 
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CHAPTER XV 


Pathologic Physiology of Bone 


We sliall restrict our consitleratiou of patliologic conditions to 
a fe\\ of those illustrating the effects of disturbances of the normal 
physiology of bone. These wdl iocliide abnormalities in the forma- 
tion of bone matrix; defective calciBcation of matrix; and the effects 
ujion bone of hypersecretion of the parathyroid glands. They will 
c.xchide all new growths and mfecllons of bone; a I’ariety of pol^'- 
glandular syndromes; and most systemic or localized affections of 
hone whose genesis is not clearly understood. 

1. ArnopuY, Osteoporosis, and 
RAHEPACTioyf OP Bone 

Strictly speaking, atrophy of bone should refer to loss of sub* 
stance or of volume; osteoporosis to an increased porosity, i c., to 
a decrease in the hanf portions of bone substance in favor of a rela* 
tive increase in the soft portions; rorr/aefjon to decreased density, 
i.e., to a decrease in the iwight perunit of volume. Since roentgeno- 
grams do not distinguish clearly between conditions resulting in a 
decrease in the density of the shadows cast by bones and since the 
nature of the condition is often obscure, both in the clinic and at 
autopsy, the tendency is to use the three terms interchangeably. 
Excluded from these terms, however, are rickets and osteomalacia, 
both }>eing differentiated from osteoporosis or rarefaction by failure 
of calcification of the matrix, the production of which is not inter- 
fered with; also excluded is the softening of bone by increasetl 
resorption resulting from hyperparathyroidism. 

In our opinion atrophy is tlie term that most nearly ticscribcs the 
condition characterized by defiaent formation of new bone matrix, 
and we have used this as a general designation. Occasionally. 
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however, it is difficult to avoid the use of one of llie oilier lenns, 
especially in connection with the descriptions of others, e.g., the 
“osteoporosis of Cushing’s syndrome.” 

Atrophy of bone is unique and unlike atrophy of soft-tiwue struc- 
tures. In soft tissues, such as skin, muscle, or liver, atrophy pn>- 
duces a reduction in the size as well as the numlier of cells and re- 
sults in shrinkage of the external dimensions of the whole organ. 
Atrophy of bone occurs without a corresponding change in the 
volume or external dimensions of the bone, but the mass of bone 
tissue may be reduced as much as 75 per cent. The internal archi- 
tecture of the bone gradually becomes attenuated and finally disaj)- 
pears. The process is seen in its most typical form in the bones of 
paralyzed limbs or parts Immobilized in casts for long fjcriwls of 
time; these exhibit the atrophy 0 / disuse. The first cliangt* is a di- 
minished mass of bone tissue per unit area of the Iwne, recognizable 
by microscopic examination, at autopsy, or in roentgenograms. 

An atrophied bone is everjTvhere brittle ami of a more spong>' 
consistency than normal. In cross-section the cortex is thin. The 
periosteal surface is smooth and uncliangcJ, but the intramediil- 
lary surfiice is composed of a yelloiv, fatty, cancclJous lx>nc tissue. 
In roentgenograms the bone tissue cjisls a homogeneous diffuse 
shadow, w’lth the individual trabeculae widely sep.araled. tliin, anti 
difficult to outline. 

The microscopic structure of the cancellous Imne tissue pon^ists 
of very thin trabcailac, branching, deficient in length, and with 
smooth surfaces completely devoid of osteoblasts. The Ikhic marrow 
is unifomily fatty, fibrous, and hyiioplastic. \ loss of 21-SO per 
cent of the bone sail is necessary lo produce an appreciable change- 
in roentgenograms of the bone; in sewre cases of atrophy, with 
extreme roentgenographic cliange.s more than JO per cent of the 
mineral of the skeleton may lost (Fig. 35). 

Hone atrophy may l>e systemic, regional, or local. The use of 
the term osteoporosis usually refers lo a systemic rondilioii. in 
contrast to the local atrophy of disuse. The terms senile osteoporo- 
sis and postmenopausal osteoporosis ad<l to the confusion in the 
literature on this subject. The physiologic atrophy of the Ixmc Hs- 
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sue in old age differs in no T\-ay, either roeiitgenograpliically or 
microscopically, from the atrophy of disuse or ostcnjwrosis. 

It is usually stated that atrophy is the result solely of deficient 
formation of bone, in the presence of a normal rale of destruction 
of the tissue. The rapidity with which the atrophy of dUiisc devel- 
ops in an immobilized limb has suggested that an increased rate of 
destruction may also be a factor in its production. This view is 
supported by the obser\-ation of calcium balance and iirinarj’ e.\cre- 
lion during immobilization. Xormal young men. iminnl)ifi/ed in 
plaster casts, lost 1-2 per cent of their total body calciiiin within 
six to seven weeks. A growing boj', placed in a partial l«dy cast 
for a fracture of the neck of the femur, suffered extreme atrophy of 
the immobilized parts of the skeleton, with hjpcrcalc-eiiiia and in- 
creased excretion of calcium in the urine. The occurrence of kidney 
stones in patients immobilized in casts is frcfjucntly obsen-rd: 
this is a sequel of the increased loss of calcium by excretion in the 
urine. 

2. PnOBLEM OP OsTEOPonosts 

In osteoporosis, as it Is commonly seen in the aged, but some- 
times also in younger men as well as women, 50-75 per cent of the 
internal architecture of the ribs, vertebrae, pelvis, and the necks 
of the femurs may disappear. The condition is gcnorully discovered 
by fracture either after a trivial injurj’ or no actual injury at all. 
Radiographs of the spine reveal ballooning of the inlenTrtebral 
disks, thinning of the cortex, and accentuation of the vertebral 
trabecular markings. The bones of the extmnilics are affected 
relatively late in the course of the disorder. Microscopically, the 
bone tissue that is present consists of trabecular and liawisian Ikhic 
enveloped in fibrous and lipoid conneclis e tissue. The cortex Ix^coines 
light in weight, hard in substance, ami verj’ lirlttlc. Microradio- 
graphs show fully calcifini lamellae of olil bone of both high and 
low density and vasntlir cliaimels <-onluining plugs of jmioriilioiis 
calcium deposits. Rone accretion as dctcrinincsl by Inner sliidics 
may be normal, but in some cases a lower iicrconlngc of radioactive 
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isotopes of calcium and phosjdiorus is deposited and retained in 
osteoporotic patients than in normal subjects. 

A satisfactorj' experimental laboratory mammal is ^\et to be 
found for study of osteoporosis. A spontaneous form of osteo- 
porosis, related to genetic factors but in some respects rcsenibling 
the disorder in man, is found in the Wiite Leghorn hen hre<l for 
heavy production. This condition is known in the pouitrj' in- 
dustrj’ as cage layer fatigue, is aggravated by confinement in close 
quarters, and is improved by exercise. Osteoporosis, experimental 
as ^YeU as clinical, is characterized bj’ normal levels of serum cal- 
cium, phosphorus, and alkaline phosphatase. Mineral, vitamin, and 
general nutritional status are usually within normal limits. IMet- 
abolic balance studies upon young subjects with rapidly progres- 
six'e osteoporosis reveal daily losses in calcium, phosphorus, and 
nitrogen in the urine and feces in excess of the amounts in the diet- 
ary intake. Aged individuals with slowly progressive osteoporosis, 
commonly seen with fracture of the neck of the femur as the pre- 
senting symptom, are usually not in negati^-e calcium, phosphorus, 
or nitrogen balance. The pathogenesis apiwars to be n depressed or 
wy low rate of accretion, associated with high or normal rate of 
resorption. 

The etiologj* of osteoporosis is rarely demonstrable in man. l*n- 
lienls with Cushing’s sj'ndrotnc arc exceptional ; the effects of exog- 
enous hj'percortisonism are seen more frequently, both in man 
and in experimental animals, and are not uncommon in children. 
Proliferation of connective tissue cells, including osteoblasts, is 
inhibited by corticosteroids; large amounts of calcium are uiiab- 
sorbed. On correction of hjiicrcorlisonism, young individuals may 
regain bone structure by appositional nciv-bone formation, but 
recovery of the original mass of skeletal tissue has not been o}>- 
scived m adufts. 

During the past decade the view that oslcoporosis is the result 
of an imbalance between gonadal and adrenocortical hoimones 
has gained wiilc atx-ciitaiu’e and has dominated the tlicrapy of tlic 
disorder. This view, advanced by Albright and Rcifenstcin. has re- 
cently been modernized by Reifenstein, in the form that the anli- 
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anabolic effects of a nonnal output of corlicoslomids may over- 
come the anabolic effects of the rwluowl postinenopausiil output e)f 
estrogens, the result being n negative calcium and nitrogen balance 
and osteoporosis. 

An older view is that osteoporosis results from a deficient cal- 
cium intake. Xordin, supporting this concept, holds that osteo- 
porosis ma\ be associate«l cillier with low intake, insufficient al>- 
sorption, or high excretion of calcium. Whcflon and his ns.soci.ites 
have obscn*e<l the influence of accompanj ing debilitating disease. 
immobiliz.ition, inailetjuate intake of minerals, and tnnlmenl witlj 
an intake of two or more gmins of calcium daily; they rejKirt n*- 
tentinn of as much as 200 mg. per day in osteojMirotics sivly j ears 
of age, as well as in nonnal control ailiilts. protein slamilion 
thcori , citing the effects of protein ileficicnt diets or gastrointestinal 
disorders, is based upon the siniilarily of Ixuie changes in hunger 
osteopalli.' and in osteojiorosis. 

Except for the osteoporosis of Iiy|»ercortisonisin. endogenous or 
exogenous, the ctiologx is ill <Iefined. One may generalize by .saying 
that calcium <lcficiont diets, castmlion, hyj>ercortlsoiusin, li.\peN 
thxroulism, or weight loss from .stan'ation or debilitating disease, 
all ma> accelerate tlie progress of llic dtsonler in individuals pis'* 
disposed to deselop it in old age. This .snpjiorts the view of n non- 
siiecific aging, suggested by the higher incidence of the eondilinn 
in the aged population. Young patients with ostcoimrosis ha\e the 
external apj^arance of individuals ten to twenty years oMer than 
their chnmological age. Urist and Vincent haxe observed a decline 
in the excretion of ll-deoxy-lT-kctosteroids in jming women with 
osleojwrosij,; this was obscrxxd also nfler age seventy in women 
w itliont osteoporosis ami was ultribulc<l to the non-.sjx'cifie effects 
of aging upon the adrenal cortex. 

As has been noted, osteopofos/sfrrathdt lile is r^ettclon' 
nicnt and irreversible with respect to recovery of normal density 
of the l>ones. Until the ctiologj' is known or a si>ecific slitniiUnl 
for osteogenesis is found, treatment with high caleium diets or .sex 
hormones, or with combinations of the Isvo, will continue to lie of 
limited value. 
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3. lliCKETR AXn OsTEOMAL-ACU 
/{ICKETS 

Ilickcts may be defined as a failure of calcification to keep pace 
with the growth of bones. This implies that rickets is a «lisea<ie of 
the growing child; a somewhat similar pathologic condition seen in 
the adult, iimlcr extreme deprivation of viLamin D ami of minemls, 
is known as osleomnlacia. 

One of the most constant and most characteristic .sequelae of 
wlial may be called a functional deficiency of phosphate — gencnilly 
as the result of a low intake of vitamin D — is the lowering of the 
concentration of inorganic phosphate in the blood plasma, nie 
simplest conception of rickets is that which attributes all the symp* 
toms and findings in this disease to the lowered plasma phosphate. 

In experimental animals fed wUh racliilogcnic diets, the earliest 
evidence of rickets is failure of calcification at the cpipliyssral- 
inetaphyseal Junction and the apfiearance of uncnlcificd osteoid tis- 
sue on the surfaces of growing trabeculae of Ixine. Tlie failure of 
wiloificalton, p.arlicuiarly in the epiphyseal cartilage, is resiKindblc 
for the subsequent pathologic changes, all of which result from the 
gmwlh and accumulation of cartilage and of osteoid Ussuc. 

VIT.\MIN D~nP.SJSTANT mCKETS 

There is a scries of ilisordcrs characterized by the skeletal muni- 
fcstatioiis ol rickets or osteomalacia but resistant to therapy with 
vitainiii D. Various foniis have been described; for the most part 
lliey have in common a disturbed function of the renal tubules re- 
sulting in a relative phospliaturia with a lowering of the scrum 
phosphate level, conducive to n failure of calcification. At the 
other end of the sc.alc there is a condition known ns uHopatfu'c 
hypercalcemia, believed to be a inanifcstalion of hypersensitivity 
to vitamin I>. Fnneoni has described the variations in sensitivity 
to vitamin D, and his name is prominently ussocialed with the clin- 
ical mnnifestations of those sxirialions. llarrisf>n has also described 
the varieties of rickets and osteomalacia nssocinted with hyjwphos- 
pliatcmia, including the Fnneoni syndrome. Kngfeldt el a!., who 
iiave jviKirled microradiographic studies of the l>oiu*s in refractoiy 
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rickets, have observetf that the stnicturai features differ frfuii tho-<> 
in ordinary rickets and have concluded tlmt the condition U a 
genetically determined entity. Treatment nitli massive doses of 
vitamin D is commonly c^lJ)lo^ed, nith variable success. Anv im- 
provement so obtained has been attributed to the calcemlc cfTecls 
of the large doses of vitamin 1); this treatment does not inniieiuv 
the morphology and docs not cure the disease. 

OSTEOMAI..lCrA 

Osteomalacia is the adult fonn of rickets. Since it involves only 
the bones of adults, in the absence of the growth apparatus of in- 
fancy and childhood, it is cliaracteriicd pathologically by failure 
of newly formed bone matrix to calcify. In borderline cases osteoid 
margins on otherwise calcified IraliccHlae of Imne may be demon- 
straled, advanced cases are notable for .softening of all the Itones 
niul consequent defomiilics. 

0>»teomaIacia has been known for centuries in India and in tlie 
Middle Kast. It is now rare in £uro)>e ami Americo, but oecurreil 
in combination witli osteoporosis in >omc of the L'urof>o.in countries 
during World War I, associated with pregnancy and dietary pri- 
s ations. Classical osteomalacia lias lieen carefully stmlieil in ('hina, 
wliere it has nssuinej! endemic projiorlions, resulting from lack of 
vitamin I), combined with a \-erj' low intake of ealorics, iimtein, 
calcium, and phosphoms. Ks-cn umler these extreme conditions it 
Is rare except as a sequel to pregnancy, with its drain on the skeletal 
system of the mother. It occurs, but verj- rarely, in males. 

Several conditions occur, also rarely, in which the Ixmes have 
the nientgenographic and microscopic characteristics of o^letn 
malacia, but without the usual eliologlc factors. The most common 
fonn Is that which accompanies an excess of fat in the stiKils. witli 
failure of absorption of vilanim D. Renal acidosis may also l)c ac- 
cninpanicd by softeningof fAe bones; tAcrcondftloo fsdfst/wt //w« 
renal rickets, which is a form of sccondaiy byiierjiarathsmidisTu. 

In Iwth rickets and osteomalacia the scrum ralciurn Is usually 
maintained at a nonnal level; Ihc Inorganic phospbale of the senitn 
is low; the alkaline phosphatase is high. Secondarj’ cnLsrgtmcnt of 
the parathyroid glands is common in liolli disonlers. 
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Fhjperparathyroidifm 

4. llvPEUPAICVTJlYnOiniSM 
PfllifAKV HrpERPAIl-ATHYUOimSM 
I’riiimrj' Iiy|>cri>aral!iyn«dism 5s the idiopalliic form of liyjH'r- 
paralliyroidlsm. In most instances there is « single adenonja; more 
rarely there are multiple adenomata; earcinortia is still less cotn- 
mon. Idiopathic hyi>crlrophj', in n hieh the increase in the sire of the 
glands is in part attrihulaWe to enlargement of the cells, also ne- 
ciirs. 

The manifestations of primary hypcrimrathyroidism arc the re- 
sult of hyporsccretion of the {Kirathyroid lionnone; they am in- 
dejjendenl of tlm nature of the disorder of the gland. Hjc most com- 
ninn and almost pathognomonic finding is that of elevation of the 
scrum calcium level. Tlic increase in concentration of the total cal- 
cium ii divided between caleinin ions and umhsMieiated calcium 
protcinale* distributed in accordance with the laa of mass netion. 
With few exceptions, increase in the calcium ion concentration of 
the scrum is diagnostic of primary hyjierparntliyroidisin. csjiceially 
if accompanied by a normal protein and low phosplialo level. Any 
finding of u serum calcium level nliovc II.O mg. ikt IOO re (2.7.? 
mM per liter) ora calcium ion concentration nl>ove 5.5 mg. iwr VOOee. 
as c.slinia!cd from scrum calcium and .serum protein (Fig. 25) shniild 
arouse suspicion. Scnim cnlciiiiu values abosc 15.0 mg. jicr 100 (t*. 
are rare, but may occur. 

AUhoiigli hyjwrparathyroidism first mnilc itself known by its 
production of skeletal dwnsc. .skeletal cliaiiges are by no means an 
essential part of the findings. IfjiKTcalccmia leads to increasoil ex- 
cretion of calcium in the urine; this, in turn, leads to the formation 
of kidney stones. Tlie i>ossibilHy of hyiie^'jnithyrfddism is brouglil 
to the attention of the physician ns often hy kidney stones as by 
symptoms and signs originating from the akclclon, 

Tlie gross skeletal changes in ndvancetl eases arc thove of soften- 
ing of the iKincs. with consequent <lefon«ilies and fnicltires. The 
iliagnosis is often suggvstcil by the rocnlgenognipliie fin«lings of 
gencralired «lecrcu«c in density of the Ihiiics, often uc<'oinpiinied by 
cysts and tumors. The mirroscopie findings are those of greatly 
increasoil resorption of Imne, svith mmierotts ostc^K-lasts. These arc 
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accompanied by increased osteoblastic activity, indicative of at- 
tempts to repair the damaged trabeculae of bone. Attempt? nl re- 
pair also result in an excess of fibrous connective tissue; this has 
led to use of the term osteitis fibrosa to descrilw the pathologic 
changes in the bones. Such bone matrix as is present, old and new, 
is calcified; it is not correct to refer to the change.s in the l>one ns 
dccalcification. 

In many cases of hj iwrparathyroMlism, certainly In Imnlerline 
cases, no bone changes can be found. They may also l»e prcvonlcil 
by providing a liberal intake of calcium. tMicn bone changes are 
present, the scrum phosphatase level is elevated; wlien they are nl>- 
sent or are prevented by increased calcium intake, the .scrum phos- 
phatase is within the normal range. 

SECONOARV HTPHUiP.SJUTlIVIlOiniSM 

Ilyiierplasua of the parathsTohl glands, necojnj).Tnicd Iiy in* 
creased secretory activity, occurs umlcr the following conditions: 
rickets or osteomalacia; pregnancy; renal insufliciency, associated 
mth retention of phosphate; and calcium deprivation. All thcMi 
conditions predispose toward low serum calcium; hyix'rpl.'isia of fhe 
parathyroid glands is compensatory; hyiiorsecretion rarely leads 
to elevation of the scrum calcium above normal values. Krdlielm's 
description of enlargement of the parathyroid glands In osteo- 
malacia, m 1907, Ie<l to some later confusion bct?^Ten primary and 
secondary hyperparathyroidism. This was not entirely clarified 
until after Mandl had jxirformed the first paralliyroideclomy, for 
adenoma of the gland, in 1925. 

Of the foregoing conditions, only renal Insufficiency leads to 
enough increased activity of the parathyroids to bring aliout skele- 
tal changes. These changes, because of their association with glo- 
merular nephritis, have become known as renal rickets. Tlie .secpience 
of events, each stage being dependent u|)on the one just before, Is: 
(1) renal insufficiency; (2) diminished excretion of phosphate; (3) 
elevation of .serum phosphate level; (4) depression of serum calcium 
les'cl; (5) hyf^erplasia of parathyroKj glands with })y7>erserretion; 
and (G) resorption of Iwne. 
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increased canliac oulpul, enlargement of the liearl, liyjK-rtensum. 
se\ere arteriosclerosis, and local heat oxer the involvc<l Iwiies stig- 
gcsl that jnullipJc arteriox-enous shunts may Ik? present inside the 
skeleton. However, nothing ahnomial has lx?en deinnnslmtetl hy 
arteriography. The origin of the Imne lesion rerniires further in- 
vestigation. 

6 . OsTKOrfiTftOSJS 

.\bnQrma!It)es of Iwnc caxjsmg an incrcnso in the ninoiinl of hanl 
tissue at the c\i)cnsc of the soft tissue, without any nltcmlion of 
the external volume, arc generally classified as osteojietnisis or 
“marble bones.” This disorder is uncommon in man, occHrring 
chieflx in infants ivith fatal anemia, and found oteasionally in 
asjnnptomalic or aljortive form tn adults, by coincidence, in radio- 
graphic examinations. It is sometimes inherited us an imtosoinnl 
recessive trait. The original |>a!}ent, Inenty-siv years old, nas de- 
scribed by .\lbors-Schtinberg in 1907, but notliing nl>oiil the etiolo- 
gy has lieen found hy stuily of humireds of cnecs since then. His- 
tologic sections rcxcai a dense spongiosa and tliiek cortex witli 
Iwnds of osteoid tissue and densely calcified cartilage, llie IxMie tis- 
sue may he woven rather than lamellar in slruclnre. Micromdlo- 
graphs show thick cementing linos and active, hut distorted, n- 
modeling processes. Owing to the brittleness of the liones, pathologic 
fractures are common. The bIoo<l is geiicnlly nonnal witli resjiocl 
to calcium, phosphate, an<l alkaline phosphatase. 

Storey has produccil a condition simulating ostcojietnisis in rats, 
hy intemiitlciit administration of large dosts of vitamin I). .\Itcr- 
natc cycles of hyperx-itaminosis D rickets and of recoxTiy result in 
the association of hypercalcificntion and of osteoid tivsuc in the 
same Ixmes at the same time; the lx>nc changes in some rr.si>ecls n*- 
semblc those seen in osteopetrosis. The conclusion is that the iin- 
|)ortant mechanism in the jKithogencsis of osleojiclro^is is an nr- 
ccnluated rhythm of lione changes, similar tn those produied cx- 
|>erinicntally. 

There are two Ilx-ing aquatic mammals of tlie onlcr Slmiu, the 
manatee and the diigong, tlial hax-e xlensc am! massive lione.s. 
\-arlously clmraclorircd as osteosclerosis, pachyostosis, and oslco- 


220 



Gendic Disorders of ConnecUre Thtue 


pclrosis. The bones of the axial skeleton, as ^\ol[ as of the upper 
exlrcmUies. consist almost entirely of compact Iwne and of dense 
cancellous l>one, of u fetal type, with no inediillarj- eavities and 
virtually no lien»opoicsis. With the aid of fossil material, represent- 
ing extinct species, ami because of a low basal inelabolie rate, to- 
gether with histologic evidemt? of loir thyroid activitj', there have 
been attempts to account for the skeletal peciilianlies on an cn- 
(hxrine basis and to relate them ioosleopelrosisas it <»cenrs in man. 

Urisl and Rechlol have confiniicd the Bndings of Fn«cclt that 
the entire skeleton of tJie Flornla nvtnalce, Tnchechus Intiroslis, 
has fcaturea in common with osleopelrnsis. Osteoclasts are scarce, 
Ixinc resorption i.s scanty, and {leriosleal Iwne formation, lulli lit- 
tle or no internal remotleling, continues in certain iDcatinns 
tlironglioiil the life of tite animal. The thyroid gland is Kirge and 
contains large follicles (lUcd with colloid, the hones of the 

manatee resemble those in patients with marble-bone disease, and 
while they are suggestive of the changes assoeialed with the uno\u 
of hypcithyrcii<Il.sm, tlicre is no real reason for coupling the evolu- 
tion of the Sireitia with skeletal disonlers in man. 

7 . (lE.s'ETtc I)r«io«r>Efts or CovvECTiVf: I'is-suk 

j\ group of disorders of the skeleton Inn-e in common that tliey 
arc inhcrilablc and represent inlwrn errors of meUibolism, usually 
affecting Ixith the collagen uiul the ground subsLinrc of l>ojie. 
Tlieir manifestations may not lie confined to the skeleton, but .since 
the mucopDlysaccliaridc.s ore highly concentrated in cartilage iiia- 
Irix and collagen is so densely |»acked in bone, the disonlors may 
lie brought into sharpest focus in the .skeleton. 

Uypophasphafasia, describc<I ns rickets with a deficiency of alka- 
line phosphatase is n relatively rare inetnlwlic disorder. It is Iw- 
fieveif to f)C infierited through an nutobOinaf recessive geno. The 
Ixme lesions result from inability of osteoblasts to clalKiratc culci- 
fiublc organic matrix. The presence of plinsphorylellianolarnitic in 
the blood and urine results from the inability of the insuflieient 
phosphatase in the body to IiyilndjTC the e.stor phosphate linkage. 

The //wr/rr-f’/fliind/rr .tyndrome, also known us gargoylism or ns 
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lipochondrodyslroplnj, an inborn error of connective tissue metabo- 
lism, presents an enzimialic defect in which there is accumulation 
and urinary cveretion of large amounts of chondroitin sulfate B 
and of heparin sulfate. It is characterized by grotesque fades and 
defects involving the entire skeleton. Genetically two types are 
recognized: (I) a form transmitted by an autosomal recessive gene, 
affecting both males and females; and (2) a form transmitted as a 
sex-linked recessK-e, affecting onij' males. 

'Ihe iforquio syndrome, or chondro-osteodysplasia, is a condition 
in which the chondroc3'tes fail to mature, ossification centers are 
disorganized, and there are extensive deformities of all the joints. 
It IS characterized b^’ small stature and short mid-phalanges of the 
hands and feet. There arc deficiencies in matrix formation and 
<liminished alkaline phosphafe^clivity in the epiphyseal plate. 

Osteogenesis imperfecta isa cdniie«fivc tissue disease, transmitted 
as an autosomal dominant, in which the brittle and soft bones are 
usually’ the most prominent feature. The organic matrix of the 
bone IS defective; collagen Is mainly* affected, and it has Ijeen sug- 
gested that the collagen is anomalous in its amino acid sequence. 

The Marfan syndrome. In ad<]ition to having a predilection for 
the eje and for the aorta, is also manifest in the skeleton by ex- 
cessive length of the ronnd bones of the extremities, and by defects 
111 the ligaments and temlqps, resulting in loose-j'ointedness. It is 
attributed to transmission as an autosomal dominant. 

Alkaptonuria, recognized bj' characteristic changes in color in 
the urine, oi\ ing to the presence of lai^ quantities of homogentisic 
acid, results from a lack of homogentisic acid oxidase. Oc/ironosis, 
or a dark pigmentation of cartilage, tendons, ligaments, and of the 
sclera, is the most notable clinical feature. At autopsj- cartilage 
and fibrocartilage are decplj' pigmented; pigmentation maj- also be 
observed in tendons and, in advanced cases, in the bones. According 
to Milch, who has studied the condition in interrelated Dominican 
families, what has appeared to be a dominant form is probably a 
recessive form appearing in successive generations through the 
mating of homozygous affected persons with heterozygous carriers; 
consanguineous matings increase the likelihood of its occurrence. 
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